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1
INTRODUCTION

1.1

General

I

n recent years, the improvement in sensitive techniques suitable for measurements at the
molecular level has been large. The areas of molecular recognition and surface analysis of
thin films have benefitted from this and have become quite popular lately, not in the least
as a result of the development of sensors and biosensors. For some techniques (Scanning
Tunneling Microscopy, Atomic Force Microscopy) the working scale has litterally been moved
towards the molecular level, while others have undergone a process of miniaturisation and have
increased sensitivity.
This has also been observed in the field of infrared (IR ) spectroscopy, and the work described
in this thesis has been made possible by the progress of techniques in recent years. Nowadays, it
is possible to measure solutions of very low concentrations and to study thin layers of molecular
thickness. The research described here contributes to the fields of molecular interactions and
self-assembled monolayers, and justifies a wide(r) application of vibrational spectroscopy in these
areas of science.
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1.2

Vibrational Spectroscopy

The timescale of IR spectroscopy allows the study of processes that take place within a time
window in the order of picoseconds. As a result of this susceptibility to short-time processes,
differences in molecular conformations are often reflected in the spectra, allowing hydrogenbonded and free states of the molecules to be followed separately. This renders the technique
perfectly suited for the analysis of dynamical equilibria on a molecular scale, e.g. phenomena of
association. Yet, infrared spectroscopy is not widely applied in host-guest chemistry, although
the sensorial potentials of vibrational modes in general, and the XH stretching modes (X=O,N)
in particular, have been shown to be very useful in the analysis of hydrogen bonding1-3.
In the characterisation of interfaces, infrared spectroscopy is the sole method suitable for an in
situ, non-invasive assessment of ordering on a (semi-)molecular scale. Although techniques like
wetting4,5, secondary ion mass spectrometry6 (SIMS), and near-edge X-ray absorption finestructure determination7 (NEXAFS) provide information on atomic density and ordering of the
outer interface of monolayers, these analyses only disclose a limited amount of specific
information8. Unlike these methods, IR spectroscopy provides a relatively simple means to
probe self-assembled monolayers at the molecular level. Also Surface-Enhanced Raman
Spectroscopy (SERS) is, though less commonly applied, a suitable technique for research in this
field.

1.3

Molecular interaction

In the field of host-guest recognition, the binding of cationic and anionic species has been
studied extensively. Neutral host species for cations have been researched for some decades
now9 and several reviews have appeared10-12. The application of calixarenes in this area has been
covered by reviews of Böhmer 13, Diamond14, and Ikeda15, and solid phase ion extraction by
Izatt 9. Research regarding neutral anion binding receptors is of a more recent date. Neutral
anion receptors have been reviewed by Antonisse16, and charged and neutral anion hosts by
Beer 17. These compounds can be divided into two classes: hosts that coordinate anions at
Lewis-acidic centres of a neutral organometallic ligand, and receptors that bind anions
exclusively by hydrogen bonding and/or ion-dipole interactions16. For the latter category, the
spatial arrangement of the hydrogen bond donors plays an important role in the selectivity of
the association processes18.
Urea moieties have been shown to be strong hydrogen bond donors19,20, and therefore these
functionalities are often incorporated in potential hosts. Complexation of anions solely through
hydrogen bonding by these structural units has been reported for several types of anions20-23.
The associating compounds described in this thesis feature urea or thiourea units, that provide
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the hydrogen-bonding framework necessary for association with e.g. halide anions.

1.4

Self-assembled monolayers

Research on self-assembled monolayers on gold24-27 has been extensive in the past decade.
For reviews, we refer to Ulman28,29, Delamarche30, and Dluhy31. Apart from the well-known
organic films on gold, adsorption of selenides on gold32, thiol onto silver33,34 and copper35-37,
amine or alcohol onto platinum38, and carboxylic acid on oxides of aluminium25 and other
metals 39 has been reported. Also, monolayers have been grafted on semiconductor substrates
such as silicon29,40-42, chalcocite (cuprous sulfide)43, and gallium arsenide44. Other monolayers
comprise phosphonates on metal phosphonates45 or phosphonic acids on metal oxides46.
In recent years, the focus has gradually shifted from preparation of simple monolayers on
metals to the research and development of tailor-made thin films on metals and semiconductors.
Applications of self-assembled monolayers range from corrosion inhibition in oil field
pipelines47 to selective separation in chromatographic systems48 . Another area where huge
progress has been made is that of sensor development. Several accounts of self-assembled,
chemically 49,50 or biochemically51-53 sensitive surfaces can be found in literature.

1.5

Scope of this thesis

The aim of this thesis is to assess the applicability and feasibility of vibrational spectroscopic
techniques in the characterisation of intermolecular processes at a (semi-)molecular level. The
topics of research described in this thesis can be subdivided into the analysis of intermolecular
interactions in solution (processes of complexation) on the one hand, and interactions at
interfaces (self-assembled monolayers) on the other hand. The latter include the behaviour of
molecules within a monolayer itself, and that of molecules deposited onto a monolayer.
Molecular interactions in solution have been studied using transmission infrared spectroscopy.
This technique has been utilised to gain insight in the structural and associative properties of
selected resorcin[4]arene derivatives in solution. Association of these compounds with halide
anions is effected through hydrogen bonding by ureido groups within the cavitand, as has been
indicated by recent 1H NMR experiments54. To evaluate the complexing properties of the
cavitands, a method to calculate association constants using multivariate regression and infrared
spectroscopic data was designed (ch. 3). The binding behaviour of a ureido-substituted
resorcinarene has been analysed (ch. 4) and a comparative study of the association of halide
anions with thioureido-substituted cavitands and with a model compound has been undertaken
(ch. 5).
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The study of molecular ordering within self-assembled monolayers has gained more and more
importance now that the main point of research regarding these systems is moving from
fundamental investigation towards practical applications. The interactions between molecules in
and at these ultrathin layers have been analysed by various vibrational spectroscopic techniques
to assess whether these processes can be perceived, and whether the selection rules can be
applied to extract information on the ordering of molecules. Attenuated Total Reflection
spectroscopy has been used to characterise Si-C-linked self-assembled monolayers on silicon,
and to assess the practicability of the chemical modification of these surfaces (ch. 6). The
usefulness of an alternative technique, Surface Electromagnetic Wave spectroscopy is evaluated
by comparison with results obtained from reflection spectroscopy (ch. 7). Infrared ReflectionAbsorption Spectroscopy has been applied in a study of non-chiral and chiral interactions and
their influence on the orientation of molecules at interfaces, either within a monolayer itself, or
at the outer surface of the layer (ch. 8). The adsorption and ordering of resorcinarenes on planar
and colloidal gold, and onto self-assembled monolayers has been examined by both reflection
techniques and Surface-Enhanced Raman Spectroscopy (ch. 9).
The ability of an interface to self-organise under guidance of molecular interactions is of
particular interest for the design of new surfaces. Phenomena of association at a surface may be
applied to direct the formation of tailor-made coatings. The possibility to apply substituted
cavitands as linking molecules by self-assembling on a modified monolayer has therefore been
investigated. For this purpose, we made use of Surface Plasmon Resonance, a technique suitable
for monitoring the adsorption of very thin layers (ch. 10).
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2
IRRAS, ATR, SPR, SEW AND SERS:
A SHORT INTRODUCTION

T

he work described in the chapters 6 to 10 of this thesis involves several spectroscopic
reflection techniques. In this chapter, a short theoretical background is given for the
reflection setups that have been applied, viz. Infrared Reflection-Absorption
spectroscopy (2.1), Attenuated Total Reflection spectroscopy (2.2), and the related techniques
Surface Plasmon Resonance (2.3.1) and Surface Electromagnetic Wave spectroscopy (2.3.2),
while Surface-enhanced Raman scattering is delt with in section 2.4.

2.1

Infrared Reflection-Absorption Spectroscopy

The Infrared Reflection-Absorption Spectroscopic technique (IRRAS), also known as Grazing
Angle Reflection Spectroscopy or Reflection-Absorption Infrared Spectroscopy (RAIRS) is
eminently suited to characterise self-assembled monolayers on metals and, to a lesser extent, on
dielectric materials. Dielectric substrates are often less suitable for this type of measurement, as
the intensity of the light reflected from these materials is much lower than for the metal
substrates.
Results obtained from metal-substrate samples are governed by the well-known metal
selection rule, which states that only vibrations with a transition dipole moment component
perpendicular to the plane of the substrate are observed 1,2. This effect is due to the inherent
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p-polarised beam

Electric field vector at surface
Beam polarisation

s-polarised beam

Fig. 1 A schematical representation of the direction of the electric field resulting from reflection at
the air-metal interface. At the surface, the electric field intensity for p-polarised light is maximal,
whereas for s-polarised light, the electric field is extinguished as a result of a phase shift of the
wave upon reflection (p: parallel to the plane of incidence; s: perpendicular (German: senkrecht)
to the plane of incidence).

polarisation of the electric field component of the radiation at the surface, and its extent is
limited to a distance from the surface smaller than half the radiation wavelength (Fig. 1)3.
The selection rule generally holds well for self-assembled monolayers, as the wavelength of
infrared radiation is in the micrometer range, and monolayer thicknesses are usually measured in
nanometers. The rule provides a convenient means to assess orientation of molecules, but
should be applied with care as surface roughness effects may influence the results.

2.2

Attenuated Total Reflection4

The Attenuated Total Reflection technique is
specifically suited to investigate surfaces. The
method is based on total reflection of radiation
within a so-called Internal Reflection Element
( I R E ). An example is shown in Fig. 2. The
material used for the I R E has to meet several
requirements: obviously, it should be transparent
for infrared radiation, but more its refractive index
should be high with regard to that of the sample
to allow total reflection at convenient angles of
incidence. Furthermore, the material should be
chemically resistant, non-soluble in commonly
used solvents, preferably non-toxic, and not too
fragile. This leaves only a small number of
possibilities, of which silicon, germanium, zinc
selenide, and KRS-5 are the most well-known.
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Sample

IRE

Electric field vector at surface
Beam polarisation

Fig. 2 An example of a (multiple reflection)
IRE (top) and, in close-up, the reflecting
interface. Beam polarisation and induced electric
(evanescent) fields at the surface are indicated
schematically by the arrows.
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As a result of the reflection at the interface, an evanescent field is induced at the outside of the
IRE.

This field is stationary and its strength decays exponentially away from the surface. The
penetration depth of the field depends on the refractive index of the IRE-material and sample,
and the angle of reflection of the incoming beam.
IR-absorbing groups near to the surface interact with the evanescent field, which results in a
decrease of the strength of the reflected beam. Both s- and p-components of polarisation are
present at the interface (see Fig. 2), so often an external polariser is applied to select only s- or
p-polarised light. Using the latter setup, it is sometimes possible to obtain information on
orientation of samples5,6.

2.3

Surface Plasmons 7

An approach that has been successful in the description of solid state optical phenomena
related to metals is based on the plasma concept: the free electrons of a metal can be regarded as
an electron liquid of high density (~1023 cm-3); the atomic lattice is ignored in a first
approximation. Using this concept, it is possible to demonstrate the existence of plasma
oscillations, longitudinal density fluctuations within the electron liquid propagating through the
metal.
The concept of 'surface plasmons' (also called 'surface plasma polaritons') follows from
Maxwell's theory, and it has been shown that an electromagnetic wave can travel along a
metallic surface. Surface plasmons only describe surface electron density fluctuations and are
considered non-radiative therefore. The electric fields initiated by the electron flux at the
surface have their maximum in the surface and decay exponentially in the space perpendicular
to the surface.
The surface plasmon phenomenon provides a theoretical base for several techniques,
including Surface-Enhanced Raman Spectroscopy (SERS), Infrared Attenuated Total Reflection
( A T R ), Surface Plasmon Resonance (SPR ), and Surface-Electromagnetic Wave (SEW)
Spectroscopy. Experimental setups for SPR and S E W are discussed in the chapters 2.3.1
and 2.3.2.

2.3.1

Surface Plasmon Resonance

The Surface Plasmon Resonance technique8 depends on the excitation of surface plasmons by
electromagnetic radiation. In order to achieve plasmon excitation, special light-plasmon
couplers have been devised, e.g. grating couplers and prism couplers. Within the coupler,
monochromatic, p-polarised radiation is reflected at the metal surface, and the component of

9

CHAPTER 2

the wavevector parallel to the surface is
transformed in a surface plasmon wave7. A
schematic representation of the lightplasmon coupler used by us is shown in
Fig. 3. The setup represents the
Kretschmann-Raether configuration.
Generation of the surface plasmon
depends on the angle of incidence ϕ of the
light, and excitation is recognised as a
minimum in the totally reflected intensity
I1 (see Fig. 4). Once the surface plasmon is
generated, an exponentially decaying field
is present at the metal-air interface. The
susceptibility of the SPR technique to
surface phenomena is explained by the skin
depth or penetration depth of this field.
Changes in the area where the field
penetrates will affect the intensity of the
outgoing beam. The surface effect may also

Reflectivity (I1/I 0)

1

0
38 39 40 41 42 43 44 45 46
Angle of incidence (°)

Fig. 4 A typical SPR plot for a thin silver layer
on glass. Reflectivity is plotted as a function of
the angle of incidence. I0=intensity of incoming
beam, I1=intensity of outgoing beam. Data
were taken from Ref. 7.
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(4)

(2b)

(5)

(2a)

(3)

ϕ
(1)

I0
(6)

I1
(7)

Fig. 3 Schematic representation of an S P R
apparatus. (1) prism; (2) glass support (a) with
thin gold layer (b); (3) oil (refractive index
matching that of the glass); (4) teflon chamber; (5)
sample solution; (6) incoming and (7) outgoing
laser beam.

be expressed in terms of Fresnel's Law,
which states that the reflectivity depends
on the dielectric constants of prism, metal
layer and overlayer (e.g. a deposited
sample layer).
If the dielectric constant of the
overlayer changes as a result of adsorption
of compounds on the metal, the
magnitude of the wave vector parallel to
the metal surface changes. This leads to a
different excitation of the surface
plasmon, and results in a shift of the dip in
the plot of reflected intensity as a function
of the angle of the incoming ray.
Monitoring the position of this intensitydip therefore provides information on the
nature of the overlayer and the shift of the
dip can be used to estimate the thickness
of the layer of the adsorbed compound8 .

IRRAS, ATR, SPR, SEW, AND SERS. A SHORT INTRODUCTION

2.3.2

Surface Electromagnetic Wave Spectroscopy9

Surface Electromagnetic Wave Spectrocopy (SEW), like SPR, involves excitation of a plasmon
wave at a metal interface by irradiation of light. Either a grating10, prism, or slit11 is used for
excitation. The plasmon wave travels along the surface and is reconverted into light again in a
setup depicted in Fig. 5 (prism setup). Travelling distances of 10 cm and more are feasible.
The SEW technique can be used to study self-assembled monolayers on metal surfaces. By
travelling along the surface, the intensity of the plasmon wave decays , and there is an additional
decay if the refractive index of the deposited material has an imaginary component, i.e. if the
prism

glass support

gold+monolayer

Electric field vector at surface

Fig. 5 SEW excitation using a coupler/decoupler prism setup. Light is incident on the lefthand prism (coupler)
and reflected onto the surface. The surface plasmon wave is converted back into light by the second prism
(decoupler). Prisms are separated from the surface by a small air gap (Otto-configuration). Grey arrows indicate
the field intensity. If a thin absorbing sample layer is present, the field intensity decays with distance covered.

material itself absorbs radiation. When using excitation wavelengths in the infrared region, it is
possible to obtain an absorption spectrum of the adlayer, as the latter is enclosed by the electric
field of the surface plasmon. An advantage of the method is that the sample layer is measured
without interference of ambient water vapour or carbon dioxide bands. A disadvantage is,
however, that large beam-intensities are needed to excite the surface plasmon in order to obtain
good signal-to-noise ratios. This is achieved using a powerful infrared tuneable CO2 laser or a
Free Electron laser12,13.

2.4

Surface-Enhanced Raman Scattering

Surface-enhanced Raman scattering was first detected for pyridine adsorbed on silver
electrodes14. It is a phenomenon resulting in strongly increased Raman signals of molecules
attached to or in the vicinity of nanometer-sized particles15,16. The enhancement in Raman
scattering efficiency can be up to seven orders of magnitude17. The most commonly applied
11
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metal substrate is silver18-21, but also gold15,22,23 and copper24-26 have been reported to induce
the SERS effect. The effect has also been observed on semiconductors, of which we mention
TiO2, GaP, AgX (X=Cl, Br, I), α-Fe2O3, ZnO and Ag2O 27.
The appearrance of the substrates can be very diverse, but all have one thing in common:
their micro-scale roughness. Different forms of of SERS-active materials used in practice are,
among others, metal island films evaporated on carriers, polymer films doped with fine metal
particles 28 , (electro)chemicallly roughened metal surfaces29 , and colloidal suspensions of
(non)metals.
The origin of the SERS-effect is still not fully understood30. Two different mechanisms have
been proposed. An electromagnetic enhancement is thought to arise from a localised increase of
the electric field near the surface due to plasmon resonances17,19. For a chemical enhancement,
several mechanisms have been proposed, including charge transfer31a to or from the surface and
image dipole moments. The latter effect is dependent on the nature of the adsorbed molecule
and is restricted to the substrate's surface, whereas the former effect is distance-dependent31b.
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3
DETERMINATION OF THE ASSOCIATION CONSTANT OF
HOST-GUEST SYSTEMS BY MULTIVARIATE REGRESSION
OF INFRARED SPECTROSCOPIC DATA †

3.1

Introduction

A

lthough currently not the most obvious choice, infrared spectroscopy is perfectly suited
for the calculation of association constants, especially in cases where other methods
have difficulties. Nevertheless, sophisticated data reduction techniques must be applied
to extract the necessary data. In this chapter, an analysis of association processes by application of
multivariate regression is explained, and illustrated with some examples.
In principle, a broad range of spectroscopic techniques can be applied to determine
equilibrium constants in host-guest chemistry1-3 , but for strongly associating complexes,
problems are often encountered. For an accurate determination of an association constant, it
should be possible to monitor adequately the changes in the concentration of components of
the sample as a function of the composition of the mixture. For strongly associating systems, this
condition generally implies that measurements have to be performed at a (sub)millimolar level,
as in that case the changes on variation of initial concentrations are large enough to be observed
well. Furthermore, an advantageous side effect of a low concentration level is, that interfering
effects from dimerisation of host or guest molecules are avoided.
UV/vis techniques are specifically equipped for use at very low concentrations, but their
applicability depends on the presence of a suitable extinction coefficient for at least one of the
solutes. Standard N M R methods suffer from a lack of sensitivity at the (sub)millimolar
compound concentrations required when measuring strongly associating host-guest systems4,5.
†

Based on: J. W. M. Nissink, H. Boerrigter, W.Verboom, D. N. Reinhoudt and J. H. van der Maas, J.Chem.
Soc., Perkin Trans. 2, 7 (1998) 1671.
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Infrared spectroscopy is a useful alternative, as this technique is applicable at (sub)millimolar
concentrations, and also responsive to conformational changes and bonding phenomena
occurring on complexation. A combination of infrared spectroscopy with multivariate data
analysis can be used to overcome problems with sensitivity and accuracy, whereas it often
enhances the versatility.
Here we describe a method to obtain concentration profiles of the relevant components
partaking in the complexation by multivariate regression analysis of infrared spectroscopic data.
As multivariate regression comprises a mathematical correlation of sample-spectra and usersupplied concentration data, the application of regression in the case of association constant
determination is not straightforward. Only initial, but not the actual concentrations of host, guest
and complex in solution are known, and an actual concentration profile of one or more solutes
in a series of solutions has to be determined for calculation of the association constant6-8.
However, a concentration profile can be obtained by multivariate regression as a function of
initial concentration data, followed by a data-correction procedure.
The method is especially suitable when monitoring molecular recognition in hydrogenbonded systems, a region of current interest9-12. Complex formation through hydrogen bonding

O

NO2
4

NH
H

H

N

N

O
NH
C8H17
F

O

O

S

C 5H11

OFP

4

NPOE

is easily monitored for alcohol, amino, (thio)amido or (thio)urea hosts as the XH (X=O,N)
stretching vibration is very sensitive towards changes in the surroundings of this group. Apart
from that, the spectral region is often free of interference from other constituents of the
mixture.
An application of the method is illustrated by halide ion association13-16 with neutral
(thio)urea ligands17,18 OFP (N-n-octyl-N'-p-fluorophenyl-thiourea) and NPOE (tetrakis[N'-onitrophenoxy-n-octyl-ureido-methyl]-cavitand)1 9 . Association is achieved through the
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formation of hydrogen bonds between the (thio)ureido20-22 moiety and the halide ion. Bonding
of the halide to OFP (N-n-octyl-N'-p-fluorophenyl thiourea) and the o-nitrophenoxy-n-octylether tetra-substituted carcerand urea derivative NPOE 19 is pursued by monitoring the NH
stretching vibrations of the (thio)urea groups.

3.2

Determination of the association constant

An association can be described as
mH+nG

K ass

→
←


H mGn

(1)

in which a host H and guest G associate to form a complex H mGn . The molar Kass and
fractional K' association constant are then given by (2)
K ass =
K′ =

ccomplex
cH m cG n
f Hm

fc
= X m+n-1 ⋅K ass
⋅ f Gn

(2)

with ccomplex , cH and cG solute concentrations, and f H , f G and f c fractions of host, guest and
complex, respectively. X is the summed molar concentration of host, guest and complex. The
assumption is made, that the concentration of organic compounds equals the activities in the
concentration range studied.
In order to obtain Kass, first a concentration profile for one or more solutes has to be assessed.
We stipulate that the i-th sample spectrum Si in a specified region can be described as the sum
of two spectral contributions only, each multiplied by their appropriate coefficient (score).
Eqn. (3) is valid then.
S = C⋅F + E

(3)

Here, S is an N I L matrix of which the rows consist of N sample spectra of length L, F
contains two spectral loadings in its rows and C is a scores matrix with two columns. A
schematic representation is presented in Fig. 1 (next page). The E matrix in (3) contains the
experimental noise and can be omitted for an ideal two-component system. The above-stated
condition can often be met by careful selection of a spectral window, such that only bands of
e.g. host and complex are visible.
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L

2

..........spectrum 1 ..........
..........spectrum 2 ..........

S
N

..........spectrum N ..........

L
2

=

F

..........loading 1 ..........
..........loading 2 ..........

C
N

Fig. 1. Graphic representation of eq. 3. The residual matrix E has been omitted for
clarity.

If only two of the solutes in samples with different host- and guest fractions contribute to the
set of spectra S, one expects this matrix to be described well by two loading spectra and two
scores (3) when spectra are correlated to the actual solute concentrations by multivariate
regression analysis. These actual concentrations of the solutes, however, are not known.
Performing regression analysis of spectra by correlating the spectral data to initial concentrations
(i.e., before association) of the host will, in the ideal case, also yield a description by two factors,
assuming that (3) is valid. In practice, for a real set of data, additional loading spectra are
introduced to account for noise and residual effects (i.e., the E matrix in (3) is non-zero), but
these effects can often be ignored without significantly affecting the results23.
When performing regression analysis as a function of initial concentrations of the host H for a
series of sample spectra, this yields two loading spectra in F and for each spectrum the
corresponding scores in C. All spectral contributions linear with the initial concentration of the
host are reflected in the first loading spectrum. Due to association of the solutes, an additional
spectral component is introduced in the spectra, which is not linearly correlated to the initial
concentrations of the host. Denoting the two loading spectra as F1 and F 2 , this deviation of
sample spectrum i from the linearly correlated spectral term Ci1 ⋅ F1 is then accounted for by
spectral contribution Ci2 ⋅ F 2 .
The latter term exclusively reflects spectral changes induced by formation of the complex.
After regression analysis, however, features due to the associate formed are also observed in the
first spectral component F1 , in addition to the 'pure' spectral contribution of the uncomplexed
host itself. This is due to both the data processing commonly applied before regression (mean
centring24) and the host fraction range covered by the set of sample spectra. In order to correct
for this phenomenon, a transformation of C and F has to be performed in order to obtain the
'pure' scores C′ and 'pure' loading spectra F′ according to (4)
S = C′ ⋅ F ′

(4)

with
C′ = C ⋅ R( ψ ) ,
F′ = R −1 ( ψ ) ⋅ F and
 cos ψ
R( ψ ) = 
 − sin ψ
18

sin ψ 

cos ψ 

D ETERMINATION OF ASSOCIATION CONSTANTS BY MULTIVARIATE REGRESSION

Matrix R( ψ ) is a rotation operator. The transformation applied consists of a rotation over angle
ψ . Rescaling all elements of our new C′ matrix by multiplication with a factor cos −1 ψ leads
to scores C′′
 1 x
C′′ = C ⋅ 

 −x 1

with x = tan ψ

(5)

A closer inspection of (5) reveals that, in order to obtain a corrected set of scores C′′
containing values linearly related to the actual concentrations of the solutes, we have to correct
the scores C for all samples i according to
C′′i1 = Ci1 − x Ci2
C′′i2 = Ci2 + x Ci1

(6a)
(6b)

with Cij and C′′ij matrix elements of C and C′′ . Equation (6b) indicates, for instance, that in
order to obtain a 'pure' score for the associated complex in solution, linearly related to its actual
concentration, we have to correct the original score for the second loading spectrum from
regression analysis with a constant x times the score for the first loading spectrum. The most
convenient way to obtain the value of x is to refine it together with the other parameters in an
iterative process (vide infra).
When x is known, the relevant corrected scores in matrix C′′ are linearly related to
concentration of complex [HmGn] in sample i according to (7)
ccomplex,i = (C′′i2 + y0 ) ⋅ y1

(7)

Constant y0 is an intercept term, introduced as a result of mean centring23,24 of the spectra prior
to regression. In this data-pretreatment step, an average of all sample spectra is subtracted from
each spectrum. As a result of this, the calculated scores shift such that their average becomes
zero. The variable y1 is a proportionality constant that bears analogy to the extinction
coefficient of the complex. The value of y1 is obtained as a result of an iterative fitting process,
the value of y0 need not be known (vide infra).
Given the initial concentrations for sample i, a stoichiometry (m,n) and an association constant
pred
Kass, concentrations csolute,i
of the solutes can be predicted from (2). The set of 'pure' scores C′′
can be calculated according to (6) on insertion of matrix C and x, and a complex concentration
calc
ccomplex,i
can be calculated according to (7). From a combination of (2), (6), and (7), we derive
that Kass, y1 and x can now be obtained by minimisation of the 'relative fit residual' R as a
function of the latter variables
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R( K ass , y1 , x ) =

∑ ∑ ( (∆ ) − (∆ )
N

q

i=1+q

j =1

calc 2
i, j

pred 2
i, j

)

with ∆ i, j = ccomplex,i − ccomplex,i− j

(8a)

Residual R effectively amounts to a comparison of squared data point differences of a
concentration with its neighbour (q=1), with its neighbour and next-nearest neighbour (q=2),
and so on. Assessment of the y0 value is avoided here as difference values ∆ rather than
absolute values ccomplex,i are used. Application of q-values higher than 1 sometimes leads to better
results with noisy sets of calculated scores, as a 'window' of q datapoints is applied in the
comparison of calculated and predicted data point differences ∆ .
Fits are performed for different stoichiometries (m,n). The best fit of calculated and predicted
regression data yields the desired association constant Kass and stoichiometry (m,n).

3.3

Experimental section

Ligands. The ligands OFP (N-n-octyl-N'-p-fluorophenyl-thiourea) and NPOE (tetrakis[N'-onitrophenoxy-n-octyl-ureido-methyl]-cavitand) were prepared as previously described 19.
Infrared spectroscopy. Infrared spectra were recorded on a Perkin-Elmer System 2000
Spectrometer equipped with a DTGS detector and a sample shuttle. Scanning conditions:
resolution 4 cm-1, scans 16, apodisation medium Norton-Beer. Solutions were measured in cells
with KBr, NaCl or CaF2 windows and path length 0.5, 1 or 2 mm. Freshly prepared solutions
in water- and ethanol-free chloroform (Merck, p.a.) with host fractions covering the range 0.1
to 0.9 and constant total molar content (<1 mM) were measured for hosts OFP and NPOE with
tetra-n-butylammonium-halide salts (TBA-X, with X=I, Br, Cl) (Aldrich, p.a.) as guests. No
dimer formation of the host was observed in the used concentration range.
Simulated data. In order to assess the validity of the algorithm, normalised simulated data were
generated for a 1:1 complexation model; band positions, relative band intensity and band width
were taken similar to data from the experiments. The host band maximum height was
normalised to 1.0 at host fraction 1, the maximum complex band height was set to 0.5 at host
fraction 0.5; sets of nine spectra were generated with host fractions ranging from 0.1 to 0.9, at
constant total molar content (1 mM), for association constants K'=10n (n=-1, 0, 1, 3, 5).
Data treatment. Simulated data were subjected to Partial Least Squares-1 (PLS-1) analysis25 to
provide insight in the performance of the algorithm. Measured data: in order to monitor the
association for OFP and NPOE, the NH stretching vibrations of the (thio)urea moiety were used
as a probe and the wavenumber region was chosen such that all bands of interest were included
(3550 - 3200 cm-1, or smaller). In this region, the contribution of the guest was found to be
negligible.
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PLS-1

was used to build a model correlating spectra to initial host concentration. At least 5
samples were prepared with a constant molar content of host and guest. The built-in baseline
correction was applied during the process.
Sample spectra for a concentration series were described with a model incorporating two
factors. Factors were checked for anomalies by eye. Scores of second factors were corrected
using the described algorithm and resulting data were fitted in order to obtain association
constants.

3.4

Results and discussion

Sets of simulated spectra with association constants K' in the range 0.1 to 105 were correlated
to the initial host fractions by PLS-1. Results for K'=1 and K'=1000 are shown in Fig. 2 (next
page). As is apparent from the figure, the first factor mainly reflects a host contribution. The
second factor shows a positive contribution of the complex at 3300 cm-1 combined with a
negative contribution at 3450 cm-1 in the host region. Especially for a stronger association, a
contribution of the complex to the first factor is observed. In Fig. 2, this effect is seen as a
negative contribution to the first factor at approx. 3300 cm-1 for the K'=1000 example. Fig. 3
(next page) shows the result (dotted lines) of a correction of the scores for the second factors
following the afore-mentioned procedure. As expected, the corrected C′′i scores now resemble
a symmetric Job plot5 for a 1-to-1 association. Consecutive iterative fitting of the corrected
scores yields the association constants (Table 1). As appears, association constants are reproduced
well by the proposed algorithm.
For real data, the influence of noise can be drastic as it influences the regression process.
Nevertheless, it is possible to select a minimal number of factors that predicts the largest
variation in the spectral series well 23. On complexation of halide by OFP, a new NH stretching
band emerges at a wavenumber lower than the original, non-bonded νNH vibration. We assign
this new band to an NH…halide hydrogen bond 26 This is clearly reflected in the second factor
(factors 1 to 3 obtained from PLS-1 analysis are shown in Fig. 4), which accounts for both an

Table 1. Association constants reproduced from simulated data. K'sim was used to
generate data. K'fit is the fitted association constant.
K' sim
10-1
100
103
105

K' fit
0.115
0.998
1.000·10 3
1.001·10 5

y1
2.09
0.0542
0.0541
0.0541

x
0.0171
-0.00857
-0.117
-0.123
Ê

21

CHAPTER 3

0.0400

0.0400

I

a.u.

a.u.

I

J

J

3550 3500 3450 3400 3350 3300 3250 3200

3550 3500 3450 3400 3350 3300 3250 3200

Wavenumber

Score of factor (a.u)

Score of factor (a.u)

Wavenumber

0.2 0.4 0.6 0.8
1
0
0.2 0.4 0.6 0.8
1
Fraction of host
Fraction of host
Fig. 2. Calculated PLS-1 factors (top) and scores (bottom) for first (I) and second (J)
factor . Simulated spectra for K'=1 (left) and K'=1000 (right).
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Fig. 3. Original C i (J), and corrected (I) and fitted C′′i (E) scores for simulated data of a firstorder association with K'=1 (l.) and K'=1000 (r.). Fits have been shifted for clarity.
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0.1000

3550 3500 3450 3400 3350 3300 3250 3200

a.u.

0.1000

a.u.

a.u.

0.1000

3550 3500 3450 3400 3350 3300 3250 3200

Wavenumber

3550 3500 3450 3400 3350 3300 3250 3200

Wavenumber

Wavenumber

Fig. 4. Factors 1 to 3 (in descending order) from PLS-1 calculated for the association of OFP with TBACl (left), TBA-Br (middle) and TBA-I (right).

Table 2. Data-fit results for association of host OFP and TBA-X in chloroform. Solutions
with a linear correlation of calculated scores C′′i vs. predicted scores <0.95 have been
omitted. The best stoichiometry was selected by ranking the linear correlation of actual
and fitted data points, and is printed in bold typeface.
Stoichiometry
m host:n guest

y1

x

2.2·103
2.8·104

0.190
1.297

-0.522·10-3
0.104

8.6·103
6.4·105

0.676
0.545

-0.00454
0.0650

772
0.426
0.357
2.19
2.56

0.117
0.0611
0.0283
0.221
0.357

Kass
[M1-m-n ]

OFP:TBA-Cl
1:1
2:1
OFP:TBA-Br
1:1
2:1
OFP:TBA-I
1:1
1:2
1:3
2:1
3:1

Spectral region
[cm -1 ]

3550-3200

3525-3250

3500-3200
0.010
1.4·103
1.1·105
1.6·103
7.2·105

Ê

Table 3. Association (1-to-1) of NPOE with chloride, bromide, and iodide in
chloroform. See Table 2 for explanation of symbols.
NPOE
+
guest:
Ê

TBA-Cl
TBA-Br
TBA-I

Spectral
region
[cm-1]

3550-3230
3550-3230
3550-3230

Kass
[M-1]

y1

8.6·104
1.3·104
1.4·104

1.55
3.07
3.22

x

-0.0509
-0.0660
-0.0940

Ê
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Score (a.u.)

Fig. 5. Original scores C i (J), corrected scores
(A), and fitted scores (E) C′′i for the complexation
of chloride ion by NPOE (fitted data shifted for
clarity).
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Fig. 6. Original scores C i (J), corrected scores
(A), and fitted scores (E) C′′i for the complexation
of bromide ion by NPOE (fitted data shifted for
clarity).

0

0.2

0.8

Fig. 7. Original scores C i (J), corrected scores
(A), and fitted scores (E) C′′i for the complexation
of iodide ion by NPOE. (fitted data shifted for
clarity).
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increase of the νNH-bonded band and a decrease
of the ν N H band. The first factor closely
resembles the band profile as observed for the
unassociated host. Results for the association of
chloride, bromide and iodide with O F P are
shown in Table 2. Associations are described
best by a 1 host to 1 guest model for chloride
and bromide guests (Kass 2.2.103 and 8.6 . 103
M-1, respectively). The value for the
complexation of chloride with O F P is in
excellent agreement with the value obtained by
1 H NMR spectroscopy (2.0. 103 M- 1) 19 . The
stoichiometry of the association of iodide with
OFP was found to be 2:1 host to guest with a
Kass value of 1.6 . 103 M -2, probably as a result
of the larger volume of the iodide ion.
Likewise, the association of NPOE with
chloride, bromide and iodide was studied.
Optimised constants are summarised in Table 3.
PLS-data, corrected scores and fitted results are
shown for complexation of chloride, bromide,
and, iodide in Figs. 5, 6 and 7. For urea NPOE,
data could only be fitted well assuming a 1-to-1
complexation model for the halide ions studied
(Kass values are 8.6 . 104, 1.3.104, and 1.4. 104 M 1 , respectively, for chloride, bromide and
iodide). For the complexation of chloride with
NPOE in CDCl3, a value of 1 . 105 M- 1 was
found using 1H NMR.27
Each sample set for N P O E and OFP
complexation of chloride, bromide and iodide
is described well by two factors using PLS-1, as
judged by applying the common criteria23 .
Therefore, the spectral information present in
the third factor (see Fig. 4) is not significant,
and we ascribe this effect to small sampling
errors and noise in the spectra.

D ETERMINATION OF ASSOCIATION CONSTANTS BY MULTIVARIATE REGRESSION

3.5

Conclusions

The association constants obtained from multivariate analysis of simulated data followed by
iterative fitting of the corrected scores correspond well with the expected values. We estimate
that a Kass range of 102 to 106 M-1 can be attained for solutions at millimolar level. By changing
the concentrations of the solutes to a submillimolar level, a shift of the above-mentioned
association constant window to higher values is effected. In practice, the upper boundary of the
range is limited only by the sensitivity of the spectroscopic method at very low concentrations,
assuming that an appropriate spectral window with a suitable set of absorptions can be found.
The results of the analysis of the association constant for both compounds OFP and NPOE
indicate 1-to-1 complexation with chloride and bromide guests. The stoichiometry of
association of OFP and iodide is found to be 2 host molecules to 1 guest, but for NPOE, again, 1to-1 complexation was found.
In a separate stage, multivariate regression of data offers a means of outlier detection before the
actual calculation of the association constant. Furthermore, for best results, the method of
regression can be varied and the applicability of the selected spectral region can be assessed from
the data-regression output.
For association processes involving hydrogen bonding, infrared spectroscopy is particularly
suitable, due to both the sensoric properties of the ligating groups and the sensitivity towards
conformational changes. In case of complexations involving alcohols, amines, (thio)amide or
(thio)urea compounds, the high wavenumber region where vibrations of these functionalities
are being observed, is often free from interfering absorptions. The sensitivity of infrared
spectroscopy combined with the possibility to measure at a low concentration level offers an
advantage over the currently-used NMR techniques.
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4
STRUCTURAL ASPECTS OF HALIDE COMPLEXATION BY
A TETRAUREA RESORCINARENE †

4.1

Introduction

C

hapters 4 and 5 deal with association processes of neutral resorcin[4]arene hosts with
halide anions. Complexation processes of these anions with structurally related
calixarenes have been reported in literature1,2. Although a co-operative effect in
complexation by the latter hosts is observed if more than one ureido moiety is present at the
calixarene, still the efficiency is lower than expected due to intramolecular hydrogen bonding of
the side chains1-3.
Resorcinarenes composed of 4 bridged aromatic units are synthetically well accessible4,5 and
suitable for a wide range of further functionalisation with ureido and other hydrogen bonding
moieties 6-8. The resorcinarene backbone is more rigid than the framework of the calixarenes
mentioned above. Complexation and membrane transport of halide ions by these new neutral
resorcinarene anion ligands was investigated recently by Boerrigter et al. 9 and a method to
determine the association constants and stoechiometry has been reported (chapter 3, this
thesis)10.
In this chapter, the complexation of halide anions by a functionalised resorcinarene is
†

Based on: J. W. M. Nissink, H. Boerrigter, W. Verboom, D. N. Reinhoudt and J. H. van der Maas, J. Chem. Soc. Perkin
Trans. 2, 11 (1998) 2541 and H. Boerrigter, L. Grave, J. W. M. Nissink, L. A. J. Christoffels, J. H. van der Maas, W.
Verboom, F. de Jong and D. N. Reinhoudt, J. Org. Chem. 63 (1998) 4174.
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investigated. The cavitand, tetrakis[N'-(o-nitrophenoxyn-octyl)ureido-methyl]cavitand (NPOE)9, has four ureido
moieties on its upper rim, substituted with
o-nitrophenoxy-n-octylether groups to improve
solubility in chloroform. An infrared study was initiated
to shed light on the structural and associative properties
of this cavitand. In addition, M M 2-optimisation and
solid-state data were used to evaluate the spatial
characteristics of the binding site.

NO2

O
4

O
O

N-H
N-H
O

C 5H11

4

NPOE
4.2

Experimental section

Materials. The urea ligand NPOE (tetrakis[N'-(o-nitrophenoxy-n-octyl)ureido-methyl]cavitand)
was prepared according to literature procedures9. Tetra-n-butylammonium halide salts (TBA-X,
X=Cl, Br, I) (Aldrich, p.a.) were used as received. Ethanol-free chloroform was prepared by
treating the solvent (Merck, p.a.) with alumina and used within 6 h.
Infrared spectroscopy. Infrared spectra were recorded on a Perkin-Elmer System 2000
Spectrometer equipped with a DTGS detector and a sample shuttle. Scanning conditions:
resolution 4 cm-1, number of scans 16, medium Norton-Beer apodisation.
Solid state spectra were recorded as KBr pellets (Merck, Uvasol). Solutions were measured in
cells with KBr, NaCl or CaF 2 windows and path length 0.5, 1 or 2 mm.
Sampling. Spectra were recorded of freshly prepared solutions in water- and ethanol-free
chloroform for NPOE with tetra-n-butylammonium halide salts as guests, with host fractions
covering the range 0.1-0.9 and a constant total molar content (<1 mM) . At least 5 samples were
prepared.
Sampling is performed such that the sum of initial (weighed-in) host and guest concentration
is constant, and the stoichiometry of the reaction is obtained from a plot of complex
concentration vs. initial host fraction, a so-called Job-plot 11. No interfering interactions of the
counterion with the host were observed in 31 P NMR measurements of related tetra-nalkylphosphonium salts.
Association constants. In order to calculate the association constant, the ureide NH stretching
vibrations were used as a probe. Data analysis was performed by using the algorithm described
in chapter 3 10. In short, a concentration profile for the complex was obtained by multivariate
regression of the NH stretching region, followed by an additional correction. This profile was
fitted with models of 1-to-n and n-to-1 (n=1,2,3,4) stoichiometry, finally yielding the
association constant and association order of the reaction.
Qualitative analysis. Information on binding behaviour of the host was obtained by subjecting a
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series of spectra to regression analysis. The above-mentioned method of sampling ensures that
the complex concentration is not linearly related to either host- or guest concentration. On
selecting a wavenumber range for regression analysis containing mainly host and complex
features, one expects that regression as a function of initial host fraction yields two factors which
contribute to the sample spectra. The first factor describes a spectral component linearly related
to the initial host fraction. The residual spectral contribution, not linearly correlated to the
initial host fraction is accounted for in the second (and higher) factors12,13 , and is, in the
underlying case, due to association of host and guest in the sample solutions and noise.
When spectral changes due to association are significant, the second factor accounts for nonlinear spectral deviations caused by formation of the host-guest complex. The scores obtained
for the above-mentioned factors reflect the trends in host (score for factor 1) and complex (score
for factor 2) concentrations, and the corresponding factors can be used to obtain a qualitative
indication of spectral changes due to the presence of host and complex in the sample
solutions10. Scores and factors solved by the regression technique should be used with care and
results should always be checked, as in regions where spectral contributions of the guest are to
be expected, interpretation is not straightforward.
Data treatment. Regression analysis (Partial Least Squares-1) was performed using GRAMS PLS
software 14. The built-in baseline correction was applied in all cases.
Curve fitting analysis was performed using the GRAMS software package14. Band positions,
-widths, -intensities and -shape were left free on optimisation. Consistency of fit solutions was
ensured by processing several spectra from a sample series.
Structure optimisation. MM 2-level structure optimisation was performed using the Apple
Macintosh Chem3D software package15.

4.3
4.3.1

Results and discussion
Structural analysis

Several crystal structures are known for substituted resorcinarenes, but no halide inclusion
complexes have been reported yet for urea substituted cavitands. For a N,N'-disubstituted urea,
two urea-chloride contacts (within the same crystal structure1 6 ) are found in the
Crystallographic Structural Database. In these contacts, bridging is exerted by both NH units, in
the plane of the urea moiety (for distances see Table 1).
Unfortunately, no data are found for N,N'-disubstituted ureas binding bromide. For
unsubstituted urea, several contacts emerge. In these cases the same behaviour is observed as
described for the two chloride contacts, but also a cluster of anions within the bonding range is
found at positions opposite to the NH2 groups, indicating that bonding to the urea moiety not
always needs to be in a symmetric way.
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To gain insight in bonding through one of the NH groups solely, information was gathered
on amide-halide contacts (Table 1). Data on these contacts are more abundant than for urea and
distances found are remarkably similar to the urea-halide contact ones. The main difference
from the urea contacts is that in all cases, the amide NH-halide bonds are near-to-linear.
Data for purine- and pyrimidine-NH … Cl hydrogen bonding indicate H… Cl distances of
2.04 Å<d<2.39 Å, with a mean of 2.13 Å 17. This distance is well in accordance with the data
observed for both the urea-NH…Cl and amide-NH…Cl contacts. An interesting characteristic
found for the hydrogen-bonded chloride anion is that in general the spread of bond lengths is
relatively narrow in the solid state, compared to other donor-acceptor systems17.
A model cavitand structure was optimised by MM2 15 to obtain information on the geometry
of the cavitand. This structure is displayed in Fig. 1. Distances for the resorcinarene backbone
thus obtained are comparable to solid-state data for a related substituted cavitand compound18.
From crystal-structural data, we expect that the urea moieties bind with both NH groups in a
bifurcated way at a distance of approximately 2.2 Å, resulting in a strong interaction. As appears,
the cavity formed by the four urea groups leaves ample space for the halide to be bonded in this
void. Binding of the halide ion by more than one urea moiety is very well possible, taking into
account that a chloride ion is known to be either three- or four-co-ordinated and that no strong
directional properties have been observed for the anion as an acceptor in hydrogen bonding17.

Table 1: Structural information for N,N'-disubstituted urea-halide contacts from crystal
data. Mean distances are given. Iodide-N-alkylamide contacts were not found.

trans-N,N'-di-alkyl-substituted urea-chloride contact
N -Cl
N' -Cl
N -N'

3.16 Å
3.25 Å
2.26 Å

Cl - is in the N-CO-N' plane,
anion centered between nitrogen atoms (2)

unsubstituted urea-bromide contact (1)
N -Br
N' -Br
N -N'

3.53 Å
3.60 Å
2.28 Å

Br- is in the N-CO-N' plane,

N -Br

3.6 Å

Br- across the NH2 group (6)

anion centered between nitrogen atoms (1)

trans-N -alkyl-subsituted amide-chloride contact
N -Cl

3.2 Å

linear NH…Cl bond, in-plane (5)

trans-N-alkyl-subsituted amide-bromide contact
N -Br

3.4 Å

linear NH…Br bond, in-plane (4)

trans-N-aryl-subsituted amide-iodide contact
N -I

30

3.7 Å

linear NH…I bond, in-plane (4)
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O
N
N…O distances:
N 3.7 Å

2.3 Å
O

N
3.2 Å

N
O

4.3

Å

N

approx. 8 Å

Fig. 1. Representation of MM2 optimised NPOE . The o-nitrophenoxy octyl ether substituents of
the urea moieties are replaced by shorter butyl chains, and the pentyl chains by methyl groups. N…O
distances are shown on the righthand side.

4.3.2 Infrared spectroscopy
4.3.2.1 NPOE and tetrabutylammonium chloride
Spectra for series of mixtures of NPOE and halide salts in chloroform are presented in
Fig. 2a-c (overleaf). The formation of hydrogen bonds is clearly visible for N P O E and
tetrabutylammonium chloride, -bromide and -iodide, even in the millimolar range shown here.
At these concentrations (0.6 mM and lower), no evidence of self-association was found for
solutions of pure NPOE . A spectrum of NPOE in chloroform is displayed in Fig. 3a (top
spectrum), and a tentative assignment of characteristic bands is given in Table 2.
For chloride association, a broad band emerges at 3320 cm-1, displaced from the non-ligatingNH vibrations by 120 cm-1. For the pure host, these NHfree bands are found at 3446 and 3426
cm -1 (shoulder), as determined from second derivative and curve-fitting. The co-operative
effect of the four binding urea units at the upper rim of the cavitand induces an association
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3500

Fig. 2. NH stretching region for host NPOE with guest tetrabutylammonium
halide (pure host spectrum, concentration 0.5 mM, and samples at host fractions in
the 0.9-0.1 range). Guest TBA-Cl (top). Guest TBA-Br (middle). Guest TBA-I
(bottom).
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Table 2. Characteristic band maxima observed in the IR spectrum of a solution of host
NPOE in chloroform (1 mg/ml) and a tentative assignment (all data in cm-1).
NPOE a

Assignment

3447

νNH aryl side

3412

νNH benzyl side

3360

νNH, intra-bonded

3170

combination band amide I/amide II

2958

νCH3 as.

2932

νCH2 as.

2873

νCH3 s.

2858

νCH2 s.

1667 sh

νC=O, (amide I)

1653

νC=O, (amide I), hydrogen bonded

1609

aromatic quadrant stretching, o-nitrophenyl ring

1550

δNH + νCN (amide II), hydrogen bonded

1527

δNH + νCN (amide II)

1488
1469

δCH3 as.
CH3,CH2 def.

1453

CH3,CH2 def.

1354

amide III

1307

OCHO wagging ?

1280

νNO2 s., aryl CO stretching

1165

CC stretching n-alkane

1149

CC stretching, νCOCOC doublet,

1088

δCH in-plane bending (subst.) {2} ?

1071

δCH in-plane bending (subst.) {18b}

1018

δCH in-plane bending (subst.) {18a}

975

δCH out-of-plane wagging (subst.) ?
cavitand ring breathing mode ?

s. symmetric; as. antisymmetric; w. weak; sh. shoulder; def. deformation;
subst. phenyl or p-fluorophenyl substituent on ureido moiety; {} Wilson
mode number for aromatic ring vibrations
a positions of overlapping bands determined by second derivative and
curve-fitting.
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(b)
Fig. 3. a) Host spectrum (top), and factors 1 (middle) and 2 (bottom) obtained after multivariate regression
of the NPOE/tetrabutylammonium chloride set. b) Scores for factors 1 (left) and 2 (right) as obtained by
PLS-1.
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constant that is significantly higher than for chloride complexation by a single disubstituted urea.
An association constant of 8.6. 104 M-1 for 1-to-1 complexation with chloride ion was derived
from infrared data for NPOE10 (see chapter 3), whereas 1H NMR measurements indicate that for
a single urea model compound the association constant is about 1000 M-1. 19
A set of spectra for host fractions in the range 0.1-0.9 was subjected to PLS-1 regression
analysis as a function of the initial host fraction. The spectral regions and results for analysis of
the NPOE… Cl set are depicted in Fig. 3a (factors) and 3b (scores). Factor 1 (Fig. 3a, middle)
strongly resembles the host spectrum (Fig. 3a, top) and the plot of the score of factor 1 (Fig. 3b,
left) shows an almost linear dependency of this spectral contribution and the weighed-in
amount of host.
The score of factor 2 (Fig. 3b, right) can be regarded as a Job's plot, and 1-to-1 complexation
is indicated by the maximum at an initial host fraction of 0.5. Factor 2 itself reflects the spectral
changes that must be added to the contribution reflected in factor 1 in order to approximate a
mixture spectrum when the concentration of the complex is increasing. This means that bands
that are turned upside down must be interpreted as a decrease of the corresponding band in the
spectrum, and up-turned bands must be regarded as band increases induced by complexation of
halide. A closer inspection of factor 2 reveals the most influential changes: a decrease of the 1539
cm -1 band in the host spectrum and new bands at 1560 and 1661 cm-1. The latter is about 20%
narrower than the original one present in the NPOE host spectrum.
We assign the 1354 cm-1 band in the host spectrum to the symmetric aryl-NO2 stretching20.
The antisymmetric stretching at 1530 cm-1 overlaps with the amide II band of the urea group.
As in factor 2, no bands are observed in the 1360-1300 cm-1 region, we conclude that the
surroundings of the nitro group remain fairly constant on complexation of halide. Therefore,
the antisymmetric aryl-NO2 stretching (expected in the 1580-1530 cm-1 region) does not
appear in factor 2, either. The band at 1560 cm-1 in factor 2 and the negative contribution at
1531 cm-1 indicate an increase and decrease, respectively, of the intensities of bands at these
positions. These features are attributed to the occurrence of a new hydrogen-bonded21 amide II
type band found at 1555 cm-1 in the mixture spectra on complexation of halide. The original
amide II-type band of non-associated NPOE is found at 1528 cm-1, with a shoulder at 1546 cm-1
indicating intramolecular hydrogen bonding of the amide moieties to some extent.
The assumption that the mode of hydrogen bonding is altered completely is endorsed by the
observation that a new band appears for the C=O stretching vibration at a slightly higher
position (1661 cm-1). A small increase in wavenumber as well as in band width caused by a
change in hydrogen bonding is not very likely, as this would cause a shift to lower rather than
to higher wavenumber21. The change in the C=O stretching vibration of the urea is ascribed
therefore to induced electronic effects as a result of hydrogen bonding of the neighbouring NH
units and to differences in the surroundings of the C=O group possibly caused by a
conformational change of the urea moiety.
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4.3.2.2 NPOE and tetrabutylammonium bromide
Association of bromide with host NPOE occurs in a 1-to-1 manner comparable to chloride
complexation with an association constant of 1.3.104 M-1. A band for the hydrogen-bonded
NH moiety is seen at 3349 cm-1, shifted from the non-bonded NH stretching bands by ~100
cm -1 (Fig. 2b). Regression analysis (not shown) reveals that the amide II band is affected most,
in a way similar to the complexation of chloride. A positive contribution in the second factor at
1553 cm -1 is observed, accounting for the band that emerges at 1549 cm-1 in mixture spectra on
complexation of bromide. The position of this band is 6 cm-1 lower than the corresponding
amide II observed for chloride complexation, indicating a weaker hydrogen bond. A second
positive contribution is found in the C=O stretching region at 1663 cm-1. There is no evidence
for disorder of the o-nitrophenoxy-octyl-ether substituents.

4.3.2.3 NPOE and tetrabutylammonium iodide
An analysis of the complexation of iodide anion by NPOE reveals a behaviour more similar to
the binding of bromide than of chloride. A band due to hydrogen-bonding emerges at 3351
cm -1 (Fig. 2c). An analysis of the infrared data set shows that the association stoichiometry again
is 1-to-1 (association constant: 1.4. 104 M -1). A band emerging at 1549 cm-1 is seen in the
sample spectra. Regression analysis (not shown) suggests formation of bands at 1663 cm-1 and
1552 cm-1, as a result of complexation of iodide by the urea moieties.
Again, the orientation of the ligating side-chains does not change very much on association,
as no distinct spectral changes indicative of side group disorder are observed.

4.3.3

Halide bonding by NPOE

The results from regression analysis clearly show that binding of the halide ion is
accomplished by means of the ureido moieties. Assuming similar modes of binding for chloride,
bromide and iodide, the shifts of the NH…X stretching band with respect to the non-bonded
NH stretching band indicate that the strength of hydrogen bonding decreases in the order
Cl>Br>I. This is in agreement with the order of binding strength observed for hydrogen
bonding of halide by methanol22 . Also, the half band widths of the bonded-NH features
decrease in the same order, possibly as a result of a decrease in translational freedom of the anion
when bonded.
There is no indication that the orientation of the o-nitrophenoxy-octyl-ether substituents
changes drastically on complexation. The CH out-of-plane wagging (ortho-substituted ring) of
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Absorbance

Absorbance

Absorbance

the side chain is observed at 978 cm-1 and does
not shift on complexation. Also, a band at 1282
0.0005
cm -1, tentatively assigned to the aryl CO
stretching of the side chain, does not change
significantly. No changes are observed in the
nitro-group vibrations.
Curve-fitting analyses were performed for the
bands in the NH-stretching region. Band fits for
chloride, bromide and iodide complexation at
low host fractions are displayed in Fig. 4a-c. The
3400
3300
3200
high-wavenumber NHfree part of the spectrum
0.0005
could be fitted well in all cases by two bands.
The band shape for the NHbonded stretching
vibration could not be described satisfactorily
with one single band, but a good fit was
obtained with two bands. As the intensities of
the bands are too high for overtones, we assign
these pairs to bonded alkylic and benzylic NH
moieties. This view is endorsed by the fact that
3400
3300
3200
the host NH moieties are found at different
0.0010
positions in the 1 H NMR spectrum23 , and it is
clear therefore that the donating properties of
both ureido NH groups are not identical.
The ν(NH… Cl) vibrations were fitted by
bands at 3340 (HBW 103) and 3290 cm -1 (HBW
83); ν(NH… Br) by bands at 3352 (HBW 70) and
3301 cm-1 (H B W 72); ν ( N H… I) by bands at
3353 (HBW 58) and 3307 cm -1 ( HBW 54). The
3400
3300
3200
Wavenumber
largest difference in wavenumber between the
Fig. 4. Fitted bands for the NH region (half band fitted NHbonded stretching bands and the NHfree
widths are given in brackets). a) NPOE/Chloride at
stretching bands is observed for chloride,
host fraction 0.15. Fitted bands: 3447 (25), 3415 (60),
3340 (103), and 3290 cm-1 (83) b) NPOE/Bromide followed by bromide and iodide. Association of
at host fraction 0.15. Fitted bands: 3446 (32), 3412 bromide and iodide results in a similar complex,
(40), 3352 (70), and 3301 cm-1 (72). c) NPOE / as can be deduced from the positions of the
Iodide at host fraction 0.3. Fitted bands: 3446 (29),
corresponding NHbonded peaks, but clear
3412 (54), 3353 (58), and 3307 cm-1 (54). Bands
below 3200 (not listed) were inserted to account for differences are seen in intensities and half band
baseline effects due to CH stretching absorptions. The widths for both species (see Fig. 4 b,c).
total concentration of host and guest together was 0.5
mM.
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Wavenumber

3200

Fig. 5. Fitted bands for the NH region of host NPOE at 0.5 mM (HBWs are given in brackets).
Fitted bands: 3448 (23), 3426 (55), 3381 (69), and 3323 cm-1 (86). One band was added to account
for the CH stretch absorption tail on the right side of the spectrum (not shown).

The NH region of the neat host (Fig. 5) features a bonded-NH band due to intramolecular
bonding of the urea groups. A band fit of this region yields two bands, located at higher
wavenumber than those observed on complexation, viz. 3381 (HBW 69 cm-1) and 3323 cm-1
( HBW 86 cm-1). Although the MM2-optimised structure is only an estimate of the actual
situation, results are perfectly in agreement with infrared observations. From Fig. 1 it is clear
that an intramolecular pre-organisation of the urea moieties is possible. However, M M2optimised bonding distances NH…O=C are approximately 3 Å (upper NH) and 3.7 Å (lower
NH), indicating that bonds are weak, as normal distances for NH…O=C are about 2 Å 17. The
presence of both NHfree and NH bonded bands in the infrared spectra suggests that the array of
bonds is not very stable, but that a dynamic equilibrium exists between fully and partially intramolecularly bonded species.
From the disappearance of the NH stretching bands of the host assigned to bonds within the
molecule (3381 and 3323 cm-1), we conclude that the original intramolecular bonding pattern
of urea moieties is largely destroyed on complexation with a halide. Spectral changes indicating,
either disorder in the octyl chains, or a change in the environment of the nitro groups are
absent. Therefore, it is not likely, that the orientation of the o-nitrophenoxy-octyl-ether sidechains changes very much on association. When bonding of the halide takes place within the
cavitand, one expects that only a re-orientation of the ureido groups is necessary to
accommodate the anion.
The fitting of the NH… X (X=Cl, Br, I) band profile by two broad bands can be explained
by attributing them to vibrations of two hydrogen-bonded NH donors. Extinction coefficients
for these vibrations follow the order I~Br>Cl. The ratio of areas of these bands changes on
going from iodide to chloride, which indicates that, either, hydrogen bonds are not equal in
number for both NH donors within one urea, or that two geometrically different urea-halide
bonds occur. The observation from crystal data that hydrogen bonding by a ureido moiety in
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the solid state is exerted, both symmetrically by two donor NH groups, as well as by one single
donor, does not exclude one of these possibilities.
In addition, different bands may also be observed as a result of bonding of halide by more
than one ureide within the complex. Chloride has been found to be three- or four-coordinated in bonding. The ligands of four-co-ordinated chloride ions appear to be in an
approximate tetrahedral conformation 17. Here, in a sterically efficient association with more
than one ligating group, not all moieties bind in similar geometries with respect to the halide
ion, and consequently this leads to formation of different hydrogen bonds. This is probably the
most plausible explanation for the occurrence of more than one band for bonded NH.
The notion that tris-substituted ligands have association constants ten times lower than the
tetrakis-substituted carcerands9 endorses the view, that binding of the guest takes place within
the cavity formed by the ureas rather than at the outside, and that a co-operative ligating process
of the urea moieties is responsible for association. This view is supported by the decrease of the
band width in the order HBW(Cl)>HBW(Br)>HBW(I), which can be ascribed to a restriction of
the translational freedom of the anion when encapsulated by ligating groups. This librational
freedom can be linked directly to the size of the anion, which follows the order Cl<Br<I, and
is expected to be smallest for the largest anion. Recently, encapsulation of the halide within a
cage of four urea moieties has been reported by Jagessar et al. for a similar neutral host system
based on porphyrin24.

4.4

Conclusions

The complexation of halide by resorcinarene cavitand NPOE appears to be similar for
chloride, bromide and iodide. The stoichiometry of complexation is 1 host to 1 guest molecule
in all cases. The association constants are high, and a small preference of the host for chloride
over bromide and iodide is observed.
Compared to a simple urea ligand, the halide-bonding properties of cavitand NPOE are
improved considerably, due to the co-operative, entropy-lowering effect of the four ligating N(o-nitrophenoxy-octyl-ether)-urea units positioned in a rather rigid way on the resorcinarene
upper rim. The infrared spectroscopic analysis of the binding process endorses the view, that
binding of the anion takes place within the cavity, and shows that upon binding, the
intramolecular array of hydrogen bonds is disturbed significantly, without influencing the
o-nitrophenoxy-octyl-ether substituent orientation. The fact that the array of intramolecular
bonds is very weak and easily disturbed, is probably a prerequisite for the efficient encapsulation
of the halide anion.

39

CHAPTER 4

References
[1] J. Scheerder, J. P. M. v. Duynhoven, J. F. J. Engbersen and D. N. Reinhoudt, Angew.
Chem. Int. Ed. Engl. 35 (1996) 1090.
[2] J. Scheerder, J. F. J. Engbersen, A. Casnati, R. Ungaro and D. N. Reinhoudt, J. Org.
Chem. 60 (1995) 6448.
[3] J. Scheerder, M. Fochi, J. F. J. Engbersen and D. N. Reinhoudt, J. Org. Chem. 59 (1994)
7815.
[4] D. J. Cram and J. M. Cram, Container molecules and their guests, Monographs in
supramolecular chemistry, J. F. Stoddart (Ed.) The Royal Society of Chemistry, Cambridge
(1994).
[5] P. Timmerman, W. Verboom and D. N. Reinhoudt, Tetrahedron 52 (1996) 2663.
[6] T. N. Sorrel and F. C. Pigge, J. Org. Chem. 58 (1993) 784.
[7] K. Kim and K. Paek, Bull. Korean Chem. Soc 14 (1993) 659.
[8] H. Boerrigter, W. Verboom and D. N. Reinhoudt, J. Org. Chem. 62 (1997) 7148.
[9] H. Boerrigter, L. Grave, J. W. M. Nissink, L. A. J. Christoffels, J. H. van der Maas, W.
Verboom, F. de Jong and D. N. Reinhoudt, J. Org. Chem. 63 (1998) 4174.
[10] J. W. M. Nissink, H. Boerrigter, W.Verboom, D. N. Reinhoudt and J. H. van der Maas,
J. Chem. Soc. Perkin Trans. 2, 7 (1998) 1671; chapter 3, this thesis.
[11] K. A. Connors, Binding constants. The measurement of molecular complex stability, John Wiley
& Sons, New York (1987).
[12] R. M. Dyson, S. Kaderly, G. A. Lawrance, M. Maeder and A. D. Zuberbühler, Anal.
Chim. Acta 353 (1997) 381.
[13] M. Kubista, R. Sjöback and B. Albinsson, Anal. Chem. 65 (1993) 994.
[14] GRAMS Research for System 2000 FTIR, Version 3.01b and Add-on Application PLSPlus
Version 2.1G, Galactic Industries, Salem, NH (1993).
[15] CSC Chem3D, Cambridge Scientific Computing, Inc., Cambridge, Massachusetts (1991).
[16] H. Wamhoff, C. Bamberg, S. Herrmann and M. Nieger, J. Org. Chem. 59 (1994) 3985.
[17] G. A. Jeffrey and W. Saenger, Hydrogen bonding in biological structures, Springer-Verlag,
Berlin (1991).
[18] W. Xu, J.P.Rourke, J.J.Vittal and R.J.Puddephatt, J. Chem. Soc., Chem. Commun. (1993)
145.
[19] J. Scheele, P. Timmerman and D. N. Reinhoudt, unpublished results .
[20] D. Lin-Vien, N. B. Colthup, W. G. Fateley and J. G. Grasselli, The Handbook of Infrared
and Raman Characteristic Frequencies of Organic Molecules, Academic Press Ltd., London
(1991).
[21] L. J. Bellamy, The Infra-Red Spectra of Complex Molecules, Chapman and Hall, London
(1975).
[22] L. M. Epstein, L. N. Saitkulova and E. S. Shubina, J. Mol. Struct. 270 (1992) 325.
[23] In 1HNMR experiments, the ureide NH signals were found at δ 5.15 (bs, 4H,
NHCH2Ar) and δ 5.04 (bs, 4H, NHCH2CH2 .
[24] R. C. Jagessar and D. H. Burns, J. Chem. Soc., Chem. Commun. (1997) 1685.

40

5
COMPARISON OF HALIDE COMPLEXATION BY
TETRATHIOUREA CAVITANDS AND
A SIMPLE THIOUREA †

5.1

Introduction

I

n chapter 3 we discussed the determination of association constants, and in 4 the binding of
halide by a ureide-subsituted resorcinarene. The complexation and membrane transport of
halide ions by this type of cavitand-based ligands has been reported in literature1. Here, we
present a comparative infrared spectroscopic study of complexation of halide through hydrogen
bonding by two interesting thioureide-functionalised methylene-bridged resorcin[4]arene anion
ligands PHEN and FPHEN. These cavitands associate with halide anions more strongly than the
ureide-substituted resorcinarene compound reported in the previous chapter.
Infrared spectroscopy has been applied, as the sensorial potential of the XH stretching modes

†

Based on: J. W. M. Nissink, H. Boerrigter, W. Verboom, D. N. Reinhoudt and J. H. van der Maas, J. Chem. Soc. Perkin
Trans. 2 , accepted for publication (1998); H. Boerrigter, L. Grave, J. W. M. Nissink, L. A. J. Christoffels, J. H. van der Maas,
W. Verboom, F. de Jong and D. N. Reinhoudt, J. Org. Chem. 63 (1998) 4174.
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(X=O,N) has been shown to be very useful in the analysis of
binding phenomena2-4. The NH stretching vibrations and
related vibrations of the amide moiety are studied in detail to
shed some light on the hydrogen-bonding behaviour of the
above-mentioned ligands. Results are correlated to those
obtained by a steric analysis.

5.2

Experimental section

X

S
O

N-H
N-H
O

C 5H11

4

PHEN (X=H)
Materials. The thiourea ligands PHEN, FPHEN, and OFP were
FPHEN (X=F)
prepared according to literature procedures1 . Tetra-nbutylammonium halide salts (TBA-X, with X=I, Br, Cl)
(Aldrich, p.a, used as received) were applied as guests.
Ethanol-free chloroform was freshly prepared by treating
H H
N N
chloroform (Merck, p.a.) with neutral aluminum oxide. The
C8H17
S
solvent was stored on mol sieve and used within 6 h.
X
Infrared spectroscopy. Infrared spectra were recorded on a
OFP
Perkin-Elmer System 2000 Spectrometer equipped with a
DTGS detector and a sample shuttle. Scanning conditions: 16
scans, resolution 4 cm-1, apodisation medium Norton-Beer.
Sampling. Solutions were measured in cells with KBr, NaCl or CaF2 windows of path length
0.5, 1 or 2 mm. Freshly prepared solutions in chloroform with host fractions covering the range
0.1 to 0.9 were measured for all hosts with TBA-X (X=I, Br, Cl) as guests. Sampling is
performed such that the sum of initial (weighed-in) host and guest concentration is constant. At
least 5 samples were prepared.
No interfering interactions of the counterion with the host were observed in 31 P NMR
measurements of related tetra-n-alkylphosphonium salts. At the highest concentrations applied
for the cavitand (~0.6 mM), no self association of the host was observed in the IR spectra.
Association constants. The stoichiometry of the reaction can be obtained from a plot of complex
concentration vs. initial host fraction, a so-called Job-plot 5. In order to calculate the association
constant, the thioureide NH stretching vibrations were used as a probe. Data analysis was
performed using the algorithm described in chapter 3 6. The concentration profile for the
complex obtained using this algorithm was fitted with models of 1-to-n and n-to-1 (n=1,2,3,4)
stoechiometry in order to acquire the association constant and association order of the reaction.
Qualitative analysis. Information on bonding behaviour of the host was obtained by subjecting a
series of spectra to regression analysis. The method of sampling ensures that the concentration of
the complex is not linearly related to either host or guest concentration. On selection of a
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wavenumber-region containing mainly features of host and complex, one expects that
regression as a function of initial host fraction yields two factors that contribute significantly to
the sample spectra. The first factor describes a component linear with host fraction. The residual
spectral contribution is accounted for in the second (and higher) factors and is in the underlying
case a result of association of host and guest in the sample solutions (and noise)7,8.
Calculated scores reflect the trends in concentration of host (score 1) and complex (score 2) 6,
and the corresponding factors can be used to obtain a qualitative indication of the spectral
changes induced by the complexation processes6, though interpretation is not straightforward in
regions with strong absorption of the guest.
All regression analyses were performed using GRAMS software9 . The built-in baseline
correction was applied in all cases.
Data analysis. Curve fitting analyses were performed using the GRAMS software package9. Band
position, -width, -intensity and -shape were left free on optimisation. Consistency of solutions
was checked by processing several spectra from a sample series. Fourier Self Deconvolution
( FSD) was performed using GRAMS.
Steric analysis. Crystallographic data were extracted from the Cambridge Crystallographic
Structural Database. MM2 optimisations were performed on an Apple Macintosh computer
using Chem3D software 10.

5.3

Results and discussion

We studied the complexation of the three afore-mentioned hosts with chloride, bromide and
iodide anions. Results obtained by IR spectroscopy of unassociated as well as associated hosts
are reported below, and are discussed in Section 5.4, while the outcome of a steric analysis is
given in Section 5.5.
5.3.1
Anion complexation by OFP, PHEN and FPHEN
5.3.1.1a Host OFP
The spectrum of OFP in a solution of chloroform is presented in Fig. 1a and a tentative
assignment in Table 1. The non-bonded NH stretching of OFP is seen as a relatively narrow
feature centered at 3400 cm-1. Both FSD11 and curve fit analysis reveal that this band consists of
at least three bands, centred at 3414 (21)*, 3396 (21) and 3391 cm-1 (20) (Fig. 2). As substituted
thiourea compounds bear a strong analogy to substituted thioamides and amides, we assign the
former to ν NH-aryl of the NH moiety at the aryl side and the latter two to νNH-alkyl12 of the
different rotamers of the alkyl chain, in which the β-carbon atom is trans or gauche to the NH
*

Half Band Width ( HBW) between brackets.
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Fig. 1. Spectra of a) OFP (5.6 mM). b) PHEN (0.5 mM). c) FPHEN (0.5 mM) in chloroform.

group13. No significant amount of trans-to-cis isomerisation of the thiourea moiety is expected
for steric reasons.

5.3.1.1b Complexation of chloride and bromide by OFP
On complexation of thiourea host OFP with a chloride ion, a second, broad spectral feature
emerges at a wavenumber of 3251 cm-1, red-shifted by 155 cm-1 from the original NH
stretching vibration (Fig. 3, top). Both the frequency and width of this peak (HBW 144 cm -1)
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Table 1. Characteristic band maxima in the infrared spectra of solutions of the hosts OFP,
PHEN and FPHEN in chloroform (OFP <6 mM, cavitands < 1mM) together with a tentative
assignment (data in cm-1 ).
OFP a

PHEN a

FPHEN a

Assignment

3414

3413

3413

νNH aryl side

3396

3389 sh.

3392 sh.

νNH benzyl side

3389

3328

3324

νNH, intramolecularly bonded

3171

combination band amide I/amide II

νCH3 as.

2959

2959

2960

2930

2932

2933

2872

2872

2873

2857

2861

2861

1531

1532

1533

δNH + νCN (amide II)

1510

1499

1509

aromatic semicircle stretch {19a} (subst.)

1485

1487 sh.

1485

δCH 3 as.

1456 w

1470

1470

CH2,CH3 deform.

1452
1382

νCH2 s.

1380

1380

δCH 3 s.

1340

1338

amide III
?

1307

1304

1154

OCHO wag ?
CC stretch n-alkane

1149

1153

CC stretch, νCOCOC doublet

1144

1148

CC stretch, νCOCOC doublet

1087

1089

δCH in plane bending (subst.) {2} ?
δCH in plane bending (subst.) {18b}

1075
1015

νCH3 s.

aromatic C-C stretching {19b} (subst)

1292

1093

νCH2 as.

1065

1069

νC=S

1018

1017

δCH in plane bending (subst.) {18a}

982

982

cavitand/substituent ring breathing mode
?

967
968
cavitand ring breathing mode ?
s. symmetric; as. antisymmetric; w. weak; sh. shoulder; subst. thiourea phenyl or p-fluorophenyl
substituent; {} Wilson mode number for aromatic ring vibrations
a positions of overlapping bands determined by analysis of the second derivative and curve-fitting.

indicate hydrogen bonding with the chloride anion.
On association, the shape of the free NH stretch band does not alter, apart from the effect of
superposition of the broad feature at 3251 cm-1. This indicates that no free NH moiety is left on
hydrogen bonding, which is in analogy with the observed bidentate association of urea
compounds with halide in the solid state14. Fitted bands are shown in Fig. 4a. An analysis of the
infrared data revealed a 1-to-1 complexation order and an association constant of 2.2.103 l mol-1
for the association with chloride ion6; the constant determined by NMR was 2.0. 103 l mol-1 1.
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Fig. 2. Fitted bands in the NH stretching region for host OFP.

The NH stretching vibrations (Fig. 3, middle) for OFP on complexation with a bromide ion
are found at 3413, 3397, 3390 cm-1 (free νNH vibrations) and 3254 cm-1 (ν NH-bonded) (Fig. 4b).
Bromide complexation appears to be similar to chloride complexation, although the extinction
coefficient for the complex is smaller due to the softer15 accepting properties of the bromide
ion. The bonded NH feature at 3254 cm-1 is narrower (HBW 103 cm-1) than the corresponding
band observed for the chloride complexation, probably indicating that the bromide ion fits
better into the ligand's binding site.
An analysis of the IR-data evidences that the complexation order is 1-to-1 and the association
constant is higher than for the chloride association, viz. 8.6.103 l mol-1. From the similarity in
association constant, the red-shift, and the observation that one band emerges upon

Absorbance

0.0100

3400

3300
Wavenumber

3200

Fig. 3. NH stretching region for host OFP with tetrabutyl ammonium halide as guest (mol fraction 0.5). (top)
guest TBA-Cl (initial host concentration 5.6 mM). (middle) guest TBA-Br (initial host concentration 5.6
mM). (bottom) guest TBA-I (initial host concentration 3.0 mM).
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Fig. 4. Fitted bands in the NH stretching region for host OFP complexed with halide. a) OFP
and chloride (host fraction 0.5), with bands at 3413 (21), 3396 (19), 3389 (21), and 3251 cm-1
(144); b) OFP and bromide (host fraction 0.5), with bands at 3413 (21), 3397 (20), 3390 (19),
and 3254 cm-1 (103); c) OFP and iodide (host fraction 0.1), with bands at 3415 (22), 3400 (27),
3391 (17), 3262 (68), and 3209 (57) cm-1. To account for the CH stretching at the right side of
the spectral window, a band was added in all cases. This band has been omitted for clarity.
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complexation, we conclude that bonding for the chloride and bromide atoms is bidentate and
comparable in strength.

5.3.1.1c Complexation of iodide by OFP
The bonded-NH region proves to be slightly more complex for the association of OFP with
iodide than for association with chloride or bromide (Fig. 3, bottom). A curve fit analysis (Fig.
4c) reveals that the non-bonded NH stretching band is best fitted by three bands at positions
3415, 3400 and 3391 cm-1. Intensities and widths differ from those observed for complexation
of chloride and bromide ion (cf. Fig. 4a,b). At least two bands are required, centred at 3262 and
3209 cm-1, to fit the hydrogen bond feature in the spectrum. Half band widths associated with
these bands are 68 and 57 cm-1. An analysis of the infrared data reveals a complexation of 2
hosts to 1 guest, with an association constant lower than for bromide (1.6. 103 l2mol -2).
A possible explanation for the occurrence of at least two hydrogen-bonded NH stretching
vibration is, that bonding to the NH moieties is no longer symmetric due to steric incongruity
of the anion to a single thioureide unit. This will result in different hydrogen bonds for each
NH. However, the red-shift of the broad band observed at 3262 cm -1 is similar to that for the
bromide and iodide.
The strong red-shift of approx. 200 cm-1 of the second band possibly indicates formation of a
single, strong, linear NH… I bond. The differences observed in the free-NH region endorse this
view, as on formation of a linear bond, one of the NH moieties is left non-bonded. We
therefore tentatively assign the bands at 3262 cm-1 to a bidentate S=C(NH)2… I contact similar
to the contact found in the binding of chloride and bromide, and we ascribe the band at 3209
cm -1 to a strong unidentate NH… I contact. Apparently, for the chloride and bromide ions the
bidentate bond is favoured over the unidentate one.

5.3.1.2a Hosts PHEN and FPHEN
The spectra of hosts PHEN and FPHEN are shown in Fig. 1b and c, and an assignment of the
bands is given in Table 1. Due to the electron-withdrawing effect of the fluor atom in para
position to the thioureido moiety, the acidity of the NH group has increased. Yet, only slight
changes are observed in the spectra for the vibrations of the thioureido moiety and no
significant shifts are noted for the resorcinarene cavitand backbone vibrations, so alike
orientations of the side chains are expected.
A band fit for the NH stretching region of both hosts is shown in Fig. 5. Results for PHEN
and FPHEN are similar. The non-bonded NH region is fitted well by two bands at 3412 and
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5.3.1.2b Complexation of chloride and
bromide by PHEN

3400
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Absorbance

3393 cm-1, which we assign to NH stretch
vibrations of the (fluoro)phenyl-NH and
benzyl-side NH groups, respectively.
Compared to PHEN, the intensity of the
3393 cm-1 band of F P H E N is slightly
enhanced.
Given the form of the cavitand, two
conformations are possible for the benzylic
NH group on its rim, viz. pointing either
towards, or outwards the cavity. Only one
band is detected for the benzylic NH and
this indicates, that the orientation of the
urea moieties in the cavitand is rather rigid.
The broad band at 3320 cm-1 does not
disappear on dilution and hence it has to
be ascribed to an intramolecularly bonded
thiourea NH group. This leads us to the
conclusion, that an array of >NH…S=C<
hydrogen bonds is formed, which preorganises the thioureide units on the upper
rim of the resorcinarene backbone.

Fig. 5. Band fits for the NH stretching regions of
unassociated hosts PHEN and FPHEN. Top: PHEN
3412 (24), 3392 (30), and 3319 cm-1 (112). Bottom:
FPHEN 3412 (27), 3393 (27), and 3320 cm-1 (98). The
rightmost band accounts for an overtone outside the
region and is omitted from the list. No intermolecular
association is observed for the concentrations used.

For host PHEN, broad bands emerge in
the presence of chloride at 3279 and 3202
cm -1 (band width 101 and 80 cm-1,
respectively), which we ascribe to hydrogen-bonded NH… Cl groups. The free-NH bands
decrease in intensity. An association constant of 1.5.105 l mol -1 is found for a 1-to-1 complex.
Fig. 6a shows the NH region for a mixture of host and tetrabutylammonium chloride at a host
fraction of 0.5. Clearly, the intramolecular bonding pattern is broken on complexation.
The spectral changes that occur in the NH stretching and fingerprint regions on
complexation of anions are presented in Fig. 7a. Spectra are depicted for host fractions in the
range 0.2-0.9. A qualitative analysis of the spectral changes on complexation was performed by
applying PLS-1 as a function of the initial host concentrations. A model was obtained with two
factors, displayed in Fig. 7b and c. Factor 2 comprises a correction on the spectral contribution
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Fig. 6. Fitted bands in the NH region for PHEN complexed with halide (mol fraction 0.5).
a) PHEN and chloride, with bands at 3413 (28), 3389 (32), 3279 (101), and 3202 cm-1 (80).
b) PHEN and bromide, with bands at 3412 (26), 3391 (32), 3280 (87), and 3202 cm-1 (115).
c) PHEN and iodide, with bands at 3415 (25), 3389 (46), 3272 (112), and 3190 cm-1 (73). In
all cases a band was added to account for the CH stretching at the right side of the spectral
window. This band and the fitted overtone at 3144 cm-1 have been omitted for clarity.
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Fig. 7. a) Association of PHEN and tetrabutylammonium chloride. Spectral regions are shown for host
fractions 0.2, 0.3, 0.5, 0.6 and 0.9. b) Factor 1 and c) factor 2 obtained from PLS-1 analysis of the series
shown above.

of the host on complexation and therefore accounts mainly for the spectral changes induced by
host-guest association in solution. This is also indicated by the calculated scores for factor 2 that
resemble a Job's plot for 1-to-1 complexation (Fig. 8). Spectral interference of the guest is
minimal and is ignored therefore.
The main spectral changes in the second factor are a negative change in intensity in the free
νNH region and a positive one around 3276 cm-1. Combined with the formation of a band at
1542 cm-1, a decrease in intensity of the amide-II-type band at 1530 cm-1, and enhancement of
the amide-III-type band at 1348 cm-1 (cf. Fig. 7a and Fig. 7c), this is strong evidence for
hydrogen-bonding of the halide by the thiourea-NH moieties. In the region 1100-1000 cm-1,
small changes are observed for bands assigned to the substituent ring vibrations, possibly due to
some reorganisation of the phenyl units.
The complexation of the bromide anion by PHEN is in line with that observed for chloride.
The association constant for bromide is found to be 1.2.104 l mol-1, for a 1-to-1 complex. A
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Fig. 8. Scores calculated for the series of spectra depicted in Fig. 7.
Score 1 (J) and score 2 (E). Scores are plotted on arbitrary scales. Fitted lines
only serve as a guide to the eye.

band fit analysis for the NH stretching region (Fig. 6b) reveals peak positions similar to that of
chloride, viz. 3280 and 3202 cm-1 for the bonded NH stretching modes. A PLS-1 analysis
discloses that, upon association with the bromide, a band emerges at 1560 cm-1, again indicating
hydrogen bonding by the thioureido moieties.

5.3.1.2c Complexation of iodide by PHEN
The complexation of the iodide anion by PHEN differs only marginally from the chloride
one. The association constant determined from infrared data is 1.0. 10 4 l mol -1, 1-to-1
complexation. The bonded-NH bands at 3272 and 3190 cm-1 (Fig. 6c) are red-shifted slightly
more than in the case of chloride and bromide. In addition to the effects observed for the
association of bromide and chloride, a relative intensity increase and broadening of the band
from 32 to 46 cm-1 is noticed for the band at 3389 cm-1, which we assign to the stretching of
the urea NH at the benzylic side. A PLS-1 analysis reveals that, like for bromide, a band is
formed at 1560 cm-1 for the iodide. Again, this indicates hydrogen bonding by the NH
moieties.

5.3.1.3 Complexation of chloride, bromide and iodide by FPHEN
The influence of the electron-withdrawing fluorine substituent at the para-position of the ring
is reflected in the association constants for FPHEN, which are found to be about a factor of 10
higher with respect to PHEN1. The behaviour of the host FPHEN is largely in line with that of
PHEN . Fits of the NH stretching region are shown in Fig. 9 for mixtures at a host fraction of
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Fig. 9. Fitted bands in the NH stretching region for host FPHEN complexed with
halide(mol fraction 0.5). a) FPHEN and chloride, with bands at 3415 (30), 3389 (25), 3278
(89), and 3215 cm-1 (54). b) FPHEN and bromide, with bands at 3413 (28), 3390 (31),
3277 (84), and 3214 cm-1 (50). c) FPHEN and iodide, with bands at 3412 (29), 3390 (26),
3282 (72), and 3222 cm -1 (52). The rightmost band accounts for an overtone band at 3157
cm-1 and is not listed.
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0.5. The fits display a high degree of similarity for chloride, bromide and iodide association. A
complex band emerges at 3280 cm-1 on complexation, which is fitted well by two bands at
3279 (HBW ~87) and 3215 cm-1 (HBW ~52) for both chloride and bromide, and at 3282 (HBW
72) and 3222 cm-1 (HBW 52) for iodide.

5.4

Halide bonding by thiourea hosts

A closer inspection of the NH stretching region reveals that for the cavitand hosts only two
bands appear in the region 3460-3360, whereas OFP has three. As the extra band in the spectra
of OFP is most likely due to a rotamer, this indicates that the orientation of of the thiourea
moieties in the cavitands is rather rigid. In addition, intramolecular bonding is observed for both
resorcinarenes, endorsing the view of a fixed conformation held by an array of H-bonds.
Binding of the halide ion takes place via the NH moieties of the thiourea groups for all hosts.
This follows from an analysis of the νNH band profile and the results from regression analysis.
The overall structure changes drastically upon complexation as the intramolecular bonding
pattern of the unassociated host is destroyed. Furthermore, small changes in the ring modes
point to a re-orientation of the p-fluorophenyl-urea counterparts.
As the band shapes for the hydrogen bond feature in the NH stretching region were different
for chloride, bromide and iodide complexation a curve-fit analysis was performed. Generally,
the results for the iodide differ slightly from those for the chloride and bromide. In our opinion
this effect arises from steric influences because of the increased size of the iodide anion, and the
'softer' nature of the electrostatic interactions with this ion.
On complexation of OFP with chloride or bromide anion, only one additional band appears
in the NH stretching region, whereas the iodide/OFP associate gives rise to two bands,
attributed to two hydrogen bonded ν NH bands. In the latter case, two OFP molecules were
found to ligate one anion. The cavitand-halide association process gives rise to two bands in all
cases of halide complexation, and the positions of the bands are remarkably similar. Bands for
PHEN are found at 3280 and 3202 cm-1 (slightly more red-shifted for iodide) and the bands for
FPHEN at 3277 and 3215 cm -1 . A difference shows up in the band widths: in the case of PHEN,
a width of approximately 100 cm-1 is found for the band profile whereas it is 10-15 percent
narrower for FPHEN, indicating a more rigid fixation of the anions.
The fit for the cavitands is remarkably similar to that observed for the second-order
OFP/iodide association, where two bands show up at 3262 and 3209 cm -1 . The second feature is
red-shifted by 45 cm-1 with respect to the 'first order band' found for the OFP-Cl/Br associates
and probably due to a short unidentate NH…iodide contact, which opens a way to a linear, and
therefore, stronger H-bond.
From this observation we conclude that halide bonding in the cavitand is exerted via at least
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two types of hydrogen bonding, in analogy with the second-order complexation of iodide by
OFP.

5.5

Steric analysis

Several crystal structures of resorcinarene cavitands are known, but no inclusion complexes
have been reported for the thiourea substituted cavitands yet. Furthermore, no thiourea-halide
contacts were found in the Cambridge Crystal Structural Database. A search for amide-halide
contacts revealed that linear bonds were formed with lengths d(N…Cl)<d(N…Br)<d(N…I),
and that a strong analogy exists between the few urea-halide contacts present and these amidehalide contacts14 (see chapter 4, p. 30).
One might expect therefore, that a thiourea-halide contact will be similar to a thioamidehalide contact, on going from chloride to bromide and iodide. Unfortunately, only one
thioamide-chloride contact was found. The nitrogen-chloride atom distance for this contact is
similar to that of the amide-chloride, viz. 3.18 Å and the angle N-H-Cl is 141°. The chloride
atom is almost in the plane of the thioamide moiety (deviation from the plane: 29°), possibly
due to steric effects. Yet, we assume that thioamide and thiourea bonds are very similar when

N
O
S

Top view

Fig. 10. MM2-optimised structure for model cavitand PHEN. A schematic representation of the
orientation of the aromatic rings of the substituent is depicted on the right side, where the gray circle
represents the cone of the cavitand as seen from the top.
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compared to normal amides and ureas, although bond distances might be slightly shorter due to
the higher acidity of the NH protons.
The MM2-optimised structure with the lowest energy is shown in Fig. 10 for a model of
compound PHEN. Cavitand sizes derived from steric optimisation of the cavitand are shown in a
schematic way in Scheme 1. Distances for the N …S=C contacts seem quite long (approx. 3.8
and 4.7 Å), but they may be overestimated by the MM2 model.

N ~3.8
N

S

Å

N 4 .7 Å S
~

NS

N
~2.3 Å

N
approx. 10 Å
8Å
approx.

~2.5 Å

Scheme 1

The optimisation shows clearly that π−π stacking interactions between the substituent rings in
the cavitand result in an arc of weak H-bonds, leaving one of the thioureido moieties free, and
that ample space is present within the molecule for binding of a guest. The breaking of the
circular intramolecular array by one unit as result of stacking of the aromatic rings is typical and
has not been observed in earlier calculations of a cavitand derivative with o-nitrophenoxy-noctyl side-chains fixed to the ureido moieties (chapter 4). In that case, a circular bonding pattern
is present, and association constants with halide are approximately one order of magnitude
lower14. The high association constants of PHEN and FPHEN most likely arise from the preorganisation of the upper-rim substituents, in which one of the thioureido moieties is free to
bind the halide, without competition of intramolecular bonds.

5.6

Conclusions

Both PHEN and FPHEN associate with halide anions via hydrogen bonding between halide
ions and thioureido moieties solely, similar to complexation of these guests by a ureidesubstituted cavitand (see chapter 4). From a comparison of the binding behaviour of PHEN and
FPHEN on the one hand and OFP on the other hand it follows that complexation of the halide
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ions in these cavitands is very similar to complexation of iodide by the model compound OFP.
This leads us to the conclusion that in the cavitands, binding takes place in a 'forced'
stoichiometry of at least two thioureide moieties to one halide, leading to a strong association of
the cavitand with the anion.
Pre-organisation of the thioureide side chains on the upper rim of a cavitand by
intramolecular bonding strongly determines their availability to the association process. For the
more flexible calix[4]arene derivatives, relatively low association constants have been observed
as a result of a strong hydrogen bonding network between the ligating units 1. An improvement
by a factor of 10 to 100 is seen in our case when comparing the resorcinarene hosts to a simple
thiourea compound.
The intramolecular bonding pattern does not extend through the whole molecule, but leaves
free one thioureido unit to bind the guest, unhindered by intramolecular bonding with the
other units. This is unlike the pattern of hydrogen bonding observed for the ureide-substituted
host described in chapter 4, that featured a circular array of hydrogen bonds. The strong
complexation of halide observed for PHEN and FPHEN can be explained by taking into account
the increased acidity of the S=C(NH2) 2 units compared to their oxo pendant, and, in addition,
the loose arrangement of the binding moieties on the resorcinarene rim.
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6
DERIVATISATION OF AN ω-FUNCTIONALISED SELFASSEMBLED MONOLAYER ON SILICON †

6.1

Introduction

D

ensely packed alkyl monolayers on silicon have been reported in literature recently. It
has been shown that neat 1-alkenes react with a hydrogen-terminated silicon [111]
surface when heated to 200°C 1,2. This hydrosilylation reaction results in the formation
of very stable Si-C bonds. Unlike the well-known monolayers of sulphur-containing
compounds on gold3,4, and monolayers linked to Si-O5, they are stable towards heating and
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der Maas, W. H. de Jeu, H. Zuilhof and E. J. R. Südholter, Langmuir 14 (1998) 1759.
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seem to be at least as stable as similar monolayers on oxidised silicon. The availability of alkenes
in combination with strong stability and reproducible manufacturing1 of the monolayers makes
them interesting for applications in non-linear optics, adsorption experiments, and solar cells6.
In this chapter, we report the investigation of monolayers on silicon supports by Attenuated
Total Reflection (ATR ) spectroscopy. Results are shown for a characterisation study of
monolayers on silicon as obtained from reaction of a silicon Si-H surface with alkene
compounds I-VIII (previous page). The aim of this work was to analyse the ordering within
these layers, and the effectivity and consequences of chemical modification of the monolayer
anchored to the silicon surface.

6.2

Experimental section

Experimental details have been published by Sieval et al.6. A short summary is given here.
Monolayer preparation. Silicon ATR internal reflection elements were cleaned in boiling
dichloromethane. After drying, they were etched for 1 minute in 2% hydrofluoric acid, blown
dry with nitrogen and immediately immersed in deoxygenated alkene in a glass tube. The tube
was placed in an oil bath and heated to 200°C for 2 h. Modified crystals were recycled for new
use by a UV/ozone treatment (illumination time: 15 minutes per side), resulting in a clean,
hydrophilic surface.
Infrared spectroscopy. Infrared spectra were recorded on a Perkin-Elmer 2000 FTIR spectrometer,
equipped with a liquid-nitrogen-cooled MCT detector, using a Fixed Angle Multiple Reflection
Attachment (Harrick Scientific). The infrared light was incident on one of the 45° bevels of the
ATR -crystal. Spectra were recorded using s- and p-polarised light. Scanning conditions:
resolution 4 cm-1, 256 or more scans, apodisation medium Norton-Beer. Prior to use as a
background, a non-derivatised A T R-crystal was cleaned extensively with ethanol and
chloroform. To remove physisorbed contamination, samples were rinsed thoroughly with
chloroform before being mounted in the accessory.
Measurement of the spectral region below ~1500 cm-1 is not possible for beam path lengths
larger than 3.7 cm due to attenuation as a result of the weak phonon absorption of silicon 7.
However, this was not a problem, as our interest is focused on the carbonyl and methylene
stretching regions.
Interference correction. As the A T R crystals could not be positioned in a reproducible way,
interference fringes showed up in the spectra to a certain extent. Interference correction was
achieved applying a specially designed Fourier filtering algorithm (Appendix 1).
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7
APPLICABILITY OF SURFACE ELECTROMAGNETIC

WAVE SPECTROSCOPY IN THE CHARACTERISATION OF
AN ω-FUNCTIONALISED SELF-ASSEMBLED
MONOLAYER ON GOLD

7.1

Introduction

T

hough not the most common technique, Surface Electromagnetic Wave spectroscopy is
in theory specifically suited for the analysis of thin layers on metals, as it probes the
space above the metal surface to a limited depth (see chapter 2). Both for IRRAS and
SEW spectroscopy, the only electric field component that is present at the metal-monolayer
interface is directed perpendicular to the gold plane. This means, that for both techniques the
metal selection rule applies. Vibrations will only appear in the spectra if the transition dipole
moment (TDM) vector is not fully parallel to the metal substrate.
In this chapter we investigate the applicability of SEW in the study of monolayers on metal
surfaces, and as an example a simple ω-derivatised monolayer on gold is characterised. Results
of Infrared Reflection are compared with data measured by Surface Electromagnetic Wave
spectroscopy in two spectral ranges, viz. 1667-1410 cm-1 and 1111-956 cm-1.
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7.2

Experimental section

Preparation of gold substrates. Metal substrates for monolayer manufacturing were obtained by
deposition of 250 nm of gold (Drijfhout, 99.999%) in a cryo-pumped plant at 10-6 Torr on
polished and thoroughly cleaned BK7-glass discs or slides after deposition of a chromium
(Highways International, 99.995%) adhesion promotor layer (5 nm). The rate of chromium and
gold deposition was approximately 1 nm per second, and was monitored by a quartz-crystal
sensor.
Monolayer preparation. Self-assembled monolayers were formed by
spontaneous adsorption of thiol DMA onto a clean gold surface by
Me
Me
immersion in solutions of the thiol in degassed ethanol (0.5-5
N H
O
mM) for at least 6 h. Samples and solutions were kept under
nitrogen to prevent oxidation. Prior to immersion, gold substrates
were dipped into a freshly prepared, hot mixture of H2SO4:H 2O2
(2:1 v/v, use with caution, strong oxidant, hazard of explosion!),
were rinsed extensively with demineralised water, and ethanol
(Merck, p.a.), successively, and dried in a stream of dry nitrogen.
Samples were immersed such that only one half of the rectangular
metal surface was exposed to the solution. After immersion, the
SH
monolayer samples were rinsed extensively with ethanol (Merck,
DMA
p.a.) and acetone (Merck, p.a.) to remove physisorbed material,
and dried again.
DMA. Coupling 2,6-dimethylanilin and the acid chloride of ω-undecylenoic acid under
Schotten-Baumann conditions yields (N-(ω-undecenoyl)-2,6-dimethylaniline). Thiol DMA was
synthesised by addition of thiolacetic acid to the double bond (catalytic amount of
2,2'-azobisisobutyronitrile, UV-irradiation for 72 hrs, in large volume of toluene), and
subsequent cleavage of the thiolacetic ester bond by a mild cleavage procedure (K2CO 3, boiling
MeOH)1. The progress of the reactions was followed by infrared spectroscopy. The identity of
the final product was confirmed by mass spectrometry and IR spectroscopy.
Infrared spectroscopy. Infrared spectra were recorded on a Perkin-Elmer 2000 FTIR Spectrometer
equipped with a liquid nitrogen-cooled medium band MCT detector. Monolayer samples were
run using a SpectraTech reflection accessory. The angle of incidence was set to 84°(± 4°)
('grazing angle'). Scanning conditions: 256-1024 scans, resolution 4 cm-1, apodisation medium
Norton-Beer. Samples were cleaned with ethanol and acetone prior to use to remove
physisorbed contaminants. A freshly cleaned gold substrate was applied as a reference.
SEW measurements. Surface Electromagnetic Wave measurements were performed using the
tunable F E L (Free Electron Laser) facility at the FOM Institute in Nieuwegein, The
Netherlands 2. A slit excitation method was used to excite surface plasmons, and the distance
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Fig. 1. Infrared spectrum of DMA (KBr pellet).

between entrance and exit slits was set to 110 or 50 mm. As a background, the clean half of the
gold-coated substrate was used. Spectral resolution 4 cm-1; data point resolution 4 cm -1 or
better.

7.3

Results and discussion

The spectrum of DMA in KBr is shown in Fig. 1 and the grazing angle reflection spectrum of
a monolayer of DMA adsorbed on a gold substrate is depicted in Fig. 2. Bands are listed in
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Fig. 2. Reflection spectrum (grazing angle) of DMA on gold.
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Table 1. Tentative assignment for vibrations of DMA adsorbed onto a gold surface.
DMA
solid sample
KBR
PELLET

3262
3179
3074
3040
3022
2923
2851
1652
1597
1526
1477
1466sh

DMA
monolayer
on gold

DMA
monolayer
on gold

IRRAS

SEW

νN-H hydrogen-bonded

3266
3070,
3048,
3028
2921
2893
2851
1658
1605
1532
1480

ν=C-H (aromatic) (multiplet)

1657
1531
1479
1449

1439
1375
1332
1332
1296
1272
1231
1164
1097
1040
971
767
722

1331
1318
1294
1274
1248
1234
1224
1165
1100
969
764

Assignment ‡,*

νC-H as.
νC-H FR
νC-H s.
Amide I
νC-C aromatic ring {8b}
Amide II
νC-C aromatic ring {19b}
methylene scissoring
artefact?
methylene scissoring
δmethyl, s. bending
δmethyl, wagging
νN-C aryl side
νC-C aromatic ring{14}
δCH in-plane bending {3}
Amide III
νC-N ?
?
δCH in-plane bending {9b}
δCH in-plane bending {9a}
?
δCH out-of-plane wagging {4}
δCH methylene rocking-twisting;
δCH out-of-plane wagging {12}
methylene in-phase rocking

as. antisymmetric; s. symmetric; FR Fermi Resonance; sh. shoulder
‡ Wilson's notation for aromatic vibrational modes.
* The assignment of the alkyl-chain vibrations is based on one given by Hostetler et
al.3. Aromatic modes are according to Varsányi4 and Lin-Vien et al.5.
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amide II

Amide moiety:
CH3
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N H H3C
N H
H3C
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C
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νas
Fig. 3. Transition dipole moments (arrows) for amide I/II and methylene stretching
vibrations.

Table 1 together with a tentative assignment. The dominating band in Fig. 2 at 1532 cm-1 is
assigned to an amide II vibration. A graphic representation of this mode, that involves stretching
of the CN and bending of the NH-group simultaneously, is depicted in Fig. 3 (top, right) and
the direction of the transition dipole moment (TDM) is shown by an arrow. The weak intensity
of the amide I band (1658 cm-1) indicates that its corresponding transition dipole moment is not
very well aligned with the electric field vector perpendicular to the surface, and together with
the intense amide II band this suggests an almost upright orientation of the amide moiety. This
view is endorsed by the appearrance of the aromatic bands at 1605 and 1480 cm-1, that suggest a
slightly tilted orientation of the ring. Data are similar to those reported for a corresponding
aniline derivative6 . Methylene stretching bands are found at 2921 and 2851 cm-1. Their
presence in the spectrum can be explained by assuming a slightly tilted orientation of the chain,
such that the methylene TDM 's are not fully parallel to the gold-plane and their position and
narrow band widths indicate a regular packing of the chains within the monolayer.
The working range of the tuneable Free Electron IR Laser2 does not permit measurements in
the wavenumber region beyond ~1700 cm-1, which restricts the SEW measurements to most of
the fingerprint region. The spectra are calculated according to (1)
1   I sample   I bg  
α ( ν ) =   ln sample  −  ln bg  
R   I0
  I0  

(1)

where α ( ν ) (in cm-1) is the absorbance of the monolayer film and I denotes beam intensity7.
The superscripts sample and bg refer to the monolayer sample and the bare substrate used as a
background; I0 indicates the initial beam intensity. R is the travelling distance of the wave
between the slits used for excitation and re-conversion of the wave.
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Fig. 4. Solid state, reflection, and surface electromagnetic wave measurements of DMA. Top: DMA,
solid state, KB R technique. Middle: DMA monolayer on gold, IRRAS . Bottom: DMA monolayer on
gold, SEW spectroscopy.

Surface-Electromagnetic Wave spectra were recorded for two wavenumber regions, one of
these the region where the amide and ring vibrations are expected to appear (1667-1410 cm-1),
and the other one a region where absorption is virtually absent (1111-956 cm-1) as a result of
the metal selection rule. SEW spectroscopic results are shown in Fig. 4, together with
corresponding regions of the KBr and reflection spectra for comparison. Traveling distances R
of the surface wave were 5.0 cm for the spectrum of the 1667-1410 cm-1 region, and 11.0 cm
for the other one.
The effects of orientation within the monolayer are reflected in both IRRAS and SEW spectra
(Fig.4, middle and bottom windows). The bands observed at 1097 and 971 cm-1 in the KBR
spectrum are assigned to in-plane bending and out-of-plane wagging of the hydrogen atoms of
the aromatic substituent. The very small intensity of these bands in spectra from IRRAS
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experiments and their absence in SEW results endorses the view that the ring substituent is in an
almost upright position, as in that case transition dipole moments for these vibrational modes
will be approximately parallel to the substrate's surface.
Although a direct comparison of band intensities in the spectra of Fig. 4 is not possible
because of different scales, the bands in the SEW and IRRAS spectra look similar at first sight.
This is expected, as the metal selection rule applies to both techniques7. The spectral resolution
of the SEW recordings is the same as in the solid-state and reflection spectra (although the data
point spacing is reduced), and band positions in SEW and IRRAS spectra are comparable (1657
vs. 1658, 1531 vs. 1532, 1479 vs. 1480 cm-1). Whether the band in the SEW-spectrum at 1449
cm -1 is due to contamination or is an artefact resulting from the method of measuring is not
clear. The band was, however, reproducible.
On closer inspection of the spectra differences are observed both in terms of band widths and
-shapes. Though a clear assessment is hampered by the high level of noise in the S E Wmeasurements, band widths in these spectra appear to be larger by approximately 25%. Yet,
IRRAS and SEW spectra were taken from the same sample, and reflection spectra run after SEW
measurements showed that the sample had not altered.
The broadening of the bands measured by SEW-spectroscopy is unexpected and its cause is
not clear. Although broadening can be a result of disorder at the molecular level, this is not
reflected in the IRRAS results. Also, the band width of the laser pulses is determined to be
narrow enough to provide a resolution of 4 cm -1. Alterations in the band shapes might be due
to monolayer disorder, resulting from local heating of the samples and/or a combination of the
large sample area (as compared to the surface probed by a reflection measurement) and the
surface roughness of the gold.

7.4

Conclusions

Both Surface Electromagnetic Wave spectroscopy and IR Reflection-Absorption spectroscopy
yield results that obey the well-known metal selection rule. The SEW technique is in theory
specifically suited for the characterisation of thin layers due to the localised nature of the electric
field of the probing beam. However, in practice good results are rather difficult to obtain, and
the wavenumber region is limited when a laser source is used.
Band widths of bands in spectra measured by S E W and reflection spectroscopy differ
significantly. The reason for this effect is not clear, but the phenomenon is possibly related to
the roughness of the gold surface that is probed by the beam.
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8
ORDERING AND HYDROGEN BONDING WITHIN CHIRAL
AND NON-CHIRAL SELF-ASSEMBLED MONOLAYERS
ON GOLD †

8.1

Introduction

C

hapters 8, 9 and 10 comprise investigations into interactions at interfaces. The nature
of the groups present at an interface largely determines the structure and behaviour of
surfaces1,2, and therefore also influences the macroscopic properties of these layers,
such as structural ordering, rheology, and bio-compatibility 3 . From this point of view, the
ability of an interface to organise itself is of particular interest for the design of new surfaces4-6.
Application of monolayers in biosensors 7,8 is a topic of current research. Enantioselective
binding on monolayers has been reported, e.g. for monolayers of thiolated cyclodextrins9, but
the specific nature of the interactions at the monolayer-adsorbens interface has not been fully
understood, yet 10,11 . Fundamental studies of interfacial phenomena such as molecular
arrangement12-15 adhesion16,17 and molecular recognition10,18,19 contribute to this field of
research. Recently, monolayer stability has been shown to depend on hydrogen bonding within
the layer, while permeability proves to be governed by hydrogen bonding phenomena of the
ω-terminal groups at the interface of monolayer and environment20-22. Understanding these
phenomena offers new leads for the use of monolayers in the development of specific sensors.
In the present chapter, the orientation and directing interactions within a self-assembled
monolayer23-25, i.e. the ordering of the constituting molecules of the layer, are analysed. Chiral

†

Based on: J. W. M. Nissink and J. H. van der Maas, Appl. Spectrosc., 53(1) (1999).
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thiols were chosen to serve as model compounds. For the characterisation of our surfaces, the
technique was applied as it has been shown to be a very powerful tool in assessing both
layer ordering26,27 and hydrogen bonding interactions at the molecular level.28 Although chiral
surfaces of e.g. adsorbed cysteine29 and hexasaccharides15 on gold have been reported, chiral
interactions within a self-assembled monolayer surface have not been investigated extensively.
In the present chapter we describe the ordering of chiral and racemic monolayers of selected ωderivatized alkanethiolates on gold, and additionally, the influence of hydrogen-bonding and
spacer-chain orientation on the structure of the interface.
IRRAS

8.2

Experimental section

Ordering within a monolayer was investigated for chiral thiols, obtained by linking a long,
thiol-terminated alkyl spacer chain with a sterically demanding phenylalanine methyl ester
enantiomer via an amide moiety. The influence of sublayer ordering of the alkyl spacer chain
on head-group orientation
was studied for different
lengths of the spacer of
HS
selected chiral thiols. To
compare ordering in chiral
and racemic samples,
monolayers were fabricated
from neat and racemic mixtures of
HS
compounds. A mixed monolayer of
an amide compound with
octadecanethiol was prepared to
assess the effect of the displacement
of the bulky head group from
neighbouring groups.
Monolayers were prepared by immersion
of the gold-coated substrates in solutions of
N- ( ω -thiol alkanoyl) phenylalanine
methylesters I-III (Scheme 1) with chain
lengths of 21, 16 and 10 methylene units.
Formation of the layers takes place through
adsorption of the thiol moieties to form a
gold-thiolate bond. It has been shown that
this results in a densely covered,
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functionalised surface5 . To investigate the influence of head-group separation, a mixed
monolayer of I was prepared with octadecylmercaptan IV as a second component. To observe
the influence of geometry and hydrogen bonding, the spectrum of a chiral monolayer was
recorded.
Preparation of N-(ω-thiol alkanoyl) phenylalanine methylesters. For the alkyl chains, ω-unsaturated
acids were prepared30 with chain-lengths of 17 and 22 carbon atoms; 11-undecenoic acid
(Aldrich, p.a.) was used as obtained. These acids were converted to their acid chloride analogues
by a reaction with thionylchloride (Merck, p.a.) for 4 h at rt and subsequent evaporation of the
excess reagent under reduced pressure.
HCl-salts of L- and D-phenylalanine methylesters were prepared from the L- or D-amino
acid (Aldrich, p.a.) by applying a standard methylation procedure31 . N-(ω-thiol alkanoyl)
phenylalanine methylesters with methylene chain lengths of 10, 16 and 21 carbon atoms were
prepared by coupling the appropriate ω-unsaturated acid chlorides with the free amino acid
esters under Schotten-Baumann conditions. The free amino acids were generated in situ from
their corresponding HCl-salts. The mixture was stirred for at least 15 h, brought to pH 6-7, and
extracted three times with diethylether. The organic fractions were washed with a sodium
bicarbonate solution and dried over magnesium sulphate. Excess solvent was removed by
evaporation.
Thiolacetic acid (Aldrich, p.a.) was added to the terminal double bond by treatment of the
products with 2-3 eq. of the acid in a large volume of toluene (Merck, p.a.) and irradiation with
UV light, in the presence of a catalytic amount of 2,2'-azobisisobutyronitrile, for 24-72 h32.
Thiols were obtained via mild cleavage of the resulting thiolacetic esters by refluxing with one
eq. potassium carbonate in degassed methanol under a nitrogen atmosphere. After partial
evaporation of the solvent and addition of brine, the product was extracted with toluene.
Subsequent evaporation of toluene yielded an off-white solid. Products were recrystallised from
hexane/ethylacetate and identified by mass spectrometry and IR spectroscopy.
Preparation of monolayers. Gold substrates were obtained by deposition of 50-250 nm of gold
(Drijfhout, 99.999%) in a cryo-pumped plant at 10-6 Torr on polished and thoroughly cleaned
BK7-glass discs or slides after deposition of a chromium adhesion promotor layer (5 nm). The
rate of chromium and gold deposition was approximately 1 nm per second, and was monitored
by a quartz-crystal based sensor.
Self-assembled monolayers were formed by spontaneous adsorption of the thiol onto a clean
gold surface by immersion in solutions of the thiol in degassed ethanol (0.5-5 mM) for at least
6 h. Samples and solutions were kept under nitrogen to prevent oxidation. Prior to immersion,
gold substrates were dipped into a freshly prepared, hot mixture of H2SO4:H 2O2 (2:1 v/v, use
with caution, strong oxidant, hazard of explosion!), were rinsed extensively with demineralised
water, and ethanol (Merck, p.a.), successively, and dried in a stream of dry nitrogen. After
immersion, the monolayer samples were rinsed extensively with ethanol (Merck, p.a.) and

77

CHAPTER 8

acetone (Merck, p.a.) to remove physisorbed material, and dried again.
Octadecanethiol (Aldrich, p.a) was purchased and used as such.
Infrared spectroscopy. Infrared spectra were recorded on a Perkin-Elmer 2000 FTIR Spectrometer
equipped with a liquid nitrogen-cooled medium band MCT detector. Monolayer samples were
run using a SpectraTech reflection accessory. The angle of incidence was set to 84°(± 4°)
('grazing angle'). Spectral conditions: 256-1024 scans, resolution 4 cm-1, apodisation medium
Norton-Beer. A freshly cleaned gold substrate was applied as a reference.

8.3

Results and discussion

Absorbance

We studied neat, mixed, and racemic monolayers of compounds I-IV. Before discussing the
monolayer spectra, we first present a tentative assignment of bands for N-(ω-thioldocosanoyl)D-phenylalanine methylester I. The spectrum of recrystallised I in a KBr pellet is presented in
Fig. 1 (assignment in Table I). Typical bands originating from the all-trans alkyl chain are found
at 2918 and 2850 cm-1 (methylene νas and ν s), 1468 cm-1 (methylene scissoring), and 720 cm-1
(in-phase methylene rocking)26. The positions of the methylene stretching bands are known to
be a good sensor for chain ordering. For crystalline polyethylene, bands appear at 2920 and 2850
cm -1, whereas, in solution, at 2928 and 2856 cm-1. It is generally accepted that this increase in
wavenumber is due to the introduction of alkyl chain gauche defects26,33.
Characteristic bands of the amide moiety are observed at 3310 cm-1 (ν NH, hydrogenbonded), 1648 cm-1 (amide I), 1538 cm-1 (amide II), and 1371 cm-1 (amide III). These bands

4000

3500

3000

2500

2000
Wavenumber

1500

1000

Fig. 1. Spectrum of N-(ω-thiol docosanoyl)-phenylalanine methyl ester (I) in KBr. Absorbance in a.u.
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are the result of intermixing of NH, C=O, and CN stretching and bending vibrations.34-36
Self-assembled monolayers of I-III. The spectrum of the monolayer of I is shown in Fig. 2 (top),
and band positions together with a tentative assignment are presented in Table 1. The
methylene stretching vibrations at 2924 and 2853 cm-1 indicate a slightly disordered packing of
the long alkyl spacer groups. We ascribe the relatively high wavenumber positions of the
methylene νas and νs to end-of-chain gauche conformations, induced by the sterically
demanding phenylalanyl-ester group. The ester carbonyl vibration at 1752 cm-1 is assigned to a
non-associated C=O moiety. Amide group vibrations are observed at 1652, 1546 and 1370
cm -1, in agreement with values reported for a simple benzylamide derivative37.

0.0010

Absorbance

I

II

III

3000

2500

2000

1500
Wavenumber

1000

Fig. 2. Reflection spectra of monolayers of N-(ω-thiol docosanoyl)-phenylalanine methyl ester (I), N-(ω-thiol
heptadecanoyl)-phenylalanine methyl ester (II), and N-(ω-thiol undecanoyl)-phenylalanine methyl ester (III).
The broad feature in I is an artefact, probably due to absorption by the glass substrate.
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Table 1. Tentative assignment for crystalline I and neat, mixed and racemic monolayers of I-IV.

I

I

solid in
KBr

II

III

monolayer

I+IV

DL-III

mixed monolayer

3310

3304

3063

3069

3068

3069

3067

3066

3030

3033

3034

3036

3033

3033

2953

2962

2951

2919~

2923

2924

2926

ν=CH modes 20a and 13‡
ν=CH mode 20b‡
νCH3 as
νCH2 as
νCH3 s

2876
2850

2853

2852

2850~

2852

2854

1745

1752

1750

1750

1754

1751
1738sh

1680sh
1648

νNH, hydrogen bonded
ν=CH FR

3087

2918

Assignment *)

νCH2 s

νC=O (methyl ester)

νC=O (methyl ester, H-bonded) ?
amide I

1652

1663

1654

1652

1611

1605

1604

1538

1546

1543

1545

1497

1499

1496

1498

1468

1467

1462sh

1455

1455

1452sh

1454sh

1458sh

1452sh

CH2 sciss, (O)CH3 as def

1444sh

1440

1440

1438

1439

1441

CH2 sciss defect, (O)CH3 s def

1544

1666

amide I, hydrogen-bonded

1608

quadrant stretch mode benzyl

1548

amide II (δNH + νCN)

1499

semicircle stretch mode benzyl

1466sh

CH2 sciss (all-trans)

1436sh

CH2 sciss

1278

=CH in-plane bending

1259

?

1246

νC-O (methyl ester)

1214

1206

1213

1216

~

1216

νC6H5-C

1371

1370

1356

1363

~

1363

amide III / OCH3 s def

1178

1176

1177

1180

~

1183

=CH bending, in-plane

1130

~

?

1081

~

=CH bending, in-plane

1031

~

=CH bending, in-plane
821

744

748vw

=CH wagging, out-of-phase

720
700

CH2 rocking-twisting
CH2 rocking, in-phase

700

701

701

700

700

=CH bending, in-plane

All data given in cm-1. s: symmetric; as: antisymmetric; FR: Fermi resonance; ip: in-plane; sh: shoulder;
vw: very weak; sciss: scissoring; def : deformation; ~ : poor spectral quality in this region.
‡
Wilson's notation for aromatic vibrational modes.
* The assignment of the alkyl-chain is based on one given by M.J. Hostetler, J.J. Stokes, R.W.
Murray, Langmuir 12, (1996) 3604-3612. Aromatic modes are according to G. Varsanyi, Vibrational
spectra of benzene derivatives, Academic Press, New York (1969) and D. Lin-Vien, N.B. Colthup,
W.G. Fateley, J.G. Grasselli, The Handbook of Infrared and Raman Characteristic Frequencies of Organic
Molecules, Academic Press Ltd., London (1991).
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In contrast with derivative I, compound II (Fig. 2, middle, see Table 1 for band positions) has
an even number of methylene units in the alkyl chain. Would the chain packing be fairly
identical, the positioning of the head-group at the outer end of the monolayer should be
different25. This is confirmed by changes in the amide I and II region. The amide I band is
observed at 1663 cm-1 (an upward shift of 11 cm-1), and its width is increased from ~16 cm-1 to
44 cm-1. The amide II band at 1543 cm-1 has shifted to lower wavenumber by 3 cm-1, whereas
the amide III band (1356 cm-1) is lowered by 14 cm-1. The methyl-ester band at 1750 cm-1 as
well as the amide II and III bands have less intensity than in the spectrum of I.
For compound III (Fig. 2, bottom), the ester, amide I and amide II bands appear at 1750,
1654 and 1545 cm-1 with band widths comparable to those of II. Intensities, however, are quite
different, for example the amide I is nearly absent. Methylene CH vibrations are at 2919 and
2850 cm-1, indicative of a regular chain packing. The aromatic CH-stretching vibrations 3069
and 3036 cm-1, have a band-height ratio of approximately 2:1, quite different from the 1:1
observed for the monolayer spectra of I and II.
Orientation effects. In very thin layers, band intensities depend on the orientation of the
transition dipole moment (TDM) associated with the vibration and the electric field direction at
the substrate surface. The well-known metal surface selection rule states, that only vibrations
with TDM components perpendicular to the plane of the substrate are observed39,40. Dipole
moment changes are shown tentatively in Fig. 3 for the methylene, methyl, carbonyl/amide I
and amide II modes. For the benzyl group, only two modes of CH stretching are depicted. The
consequence of the metal surface selection rule in practice is, that for an all-trans alkyl chain the
methylene stretching vibrations are not expressed in the spectrum if the chain is perpendicular
to the surface, as in that case the ν s and ν as TDM s are parallel to the gold plane. For a tilted
chain, bands will be observed in the spectrum. The presence of ring stretching bands indicates
r+

H H
C

{20a, 13}

H

r-b

r- a

d-

H
H

a

H
H N

H

H

H

H

{20b}

C O
+

amide II

amide I

d

b

c

Fig. 3. A schematic representation of directions of the transition dipole moment (TDM) for vibrations of
the alkyl chain, amide moiety and monosubstituted benzene group. The methyl r −b and methylene d −
transition moments are perpendicular to the plane of the paper38. Assignments for the amide group are
tentative, as the extent of intermixing of vibrational modes is not known exactly.
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that the aromatic ring is not parallel to the plane of the gold, and ordering of the amide moieties
expresses itself in the intensities of the amide vibrations.
As an example of a highly ordered surface, the spectrum of an octadecylmercaptane IV selfassembled monolayer is displayed in Fig. 4. In contrast with the monolayers of I-III, for the
alkyl chain monolayer bands are only seen in the CH stretching region. Methylene stretching
bands are observed at 2917 and 2850 cm-1, and both their position as well as presence indicate
ordering within the monolayer. The decrease in absorbance of the methylene CH stretching
vibrations of I, II and III compared to those in a spectrum of an octadecyl chain monolayer
(Fig. 4) can be explained by assuming an ordered-chain orientation directed more along the
surface normal than in the case of IV38,39.
Large differences are observed in the methylene stretching region (3000-2700 cm-1) between
I on the one hand, and II and III on the other hand. The absorbances of the methylene peaks

Absorbance

0.0025

3000

2500

2000

1500
Wavenumber

1000

Fig. 4. Reflection spectrum of a monolayer of octadecylmercaptane (IV) on gold.

of compounds II and III are only ~20% of those of compound I, and the diminished intensities
for the former two must be a result of a non-random, tight packing of the chains virtually
upright to the surface. A slightly tilted geometry of the chains accounts for the presence of
methylene bands in the spectrum of I. The decrease in intensity of the 1468 cm-1 alkyl chain
scissoring (both for II and III, with respect to I), and the absence of the 720 cm-1 in-phase
rocking band, confirms the view that II and III are oriented more upright than I, as the dipole
moment vectors for these vibrations are parallel to the surface for an alkyl chain perpendicular
to the surface. For I we assume that the overall chain tilt is less than 30°, which is the angle
observed for octadecylmercaptan IV41, as methylene stretching band intensities for I are lower
than those for IV, in spite of the difference in chain length. Given the long spacer chain of I, it
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is possible that this compound adopts a bent conformation, in which the chain angle at the
surface is approx. 30°, but decreases nearer to the ω-substituent to accommodate the head
group. For II and III the tilt angle approaches 0°.
Although methylene band positions are higher than for corresponding monolayers of
octadecylmercaptane (see Table 1), we believe that packing in monolayers of I-III is still tight.
The high position of CH bands is the result of a non-ideal stacking of the chains caused by a tilt
angle deviating from the optimal value of ~30°. The different orientations of the alkyl chain are
clearly amenable to both the bulky nature and the orientation of the phenylalanyl-methylester
head group.
As indicated by the positions of the amide bands, the orientation of the head group itself is
stabilised by hydrogen bonding in all cases35. Results indicate, that methyl ester moieties do not
partake in bonding, so head-group interactions preferentially take place intermolecularly
between the amide units. For monolayer III, the absence of amide I and enhanced intensity of
amide II, suggests an upright orientation of the amide plane, with its carbonyl part more or less
parallel to the surface42 . For this monolayer, the change in the intensity ratio of the two
aromatic CH stretching bands also points towards an altered orientation of the head group,
although in all three cases the phenyl ring is not planar to the surface. The difference in the
orientation of the amide moiety may be due to a relaxation effect achieved through a slight
twisting of the long spacer chains of compounds I and II permitting a more efficient
arrangement of the head-group amides.
Mixed monolayer of I and IV. A mixed monolayer of compounds I and IV was prepared from a
solution with 1 eq. of the amide derivative and 3 eq. of octadecylmercaptane. Fingerprint and
CH stretching regions for this sample are shown in Fig. 5, as well as for the monolayer of
compound I. Formation of large islands of either one of the compounds can be excluded, as the
spectrum of the mixed monolayer is not a sum-spectrum of a neat monolayer and an
octadecylmercaptane layer. The difference in orientation in both layers is clearly visible in the
fingerprint region, where ester and amide bands for neat and mixed monolayers differ distinctly.
This is in agreement with earlier research regarding mixed monolayers, indicating that bonding
to the gold is immediate and that surface migration processes are largely absent28,43.
Hydrogen bonding still occurs, as the positions of the amide I and II bands indicate. The low
intensities of the amide I and II vibration suggest that the amide moiety is oriented more or less
parallel to the surface, as TDM directions for both vibrations are parallel to the HNCO plane.
The presence of an alkyl chain spacer in the amide derivatives protruding from the
octadecylmercaptan surface facilitates contacts between these molecules. Intermolecular
hydrogen bonding between these amide units is therefore still possible, as a considerable part of
the surface consists of I. The presence of the aromatic CH stretching bands is indicative of a
phenyl ring orientation non-parallel to the gold surface.
Racemic monolayer of III. A racemic monolayer was prepared by immersion of a gold substrate
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Fig. 5. Reflection spectra of a mixed monolayer of I and octadecylmercaptane IV on gold, and neat I
on gold.

in an equimolar solution of D- and L-III. The results for the CH stretching and fingerprint
regions are presented in Fig. 6 (next page). Methylene stretching vibrations are nearly absent,
indicating an upright position of the alkyl chains, i.e. perpendicular to the substrate plane. In
this case, a regular alkyl chain ordering seems to be absent, as the all-trans methylene scissoring
vibration (1468 cm-1) is absent. The appearance of a methylene rocking-twisting band at 821
cm -1 endorses this view26.
Large differences are observed in the fingerprint region compared to previous results. In
contrast with the other monolayers, the amide I band at 1666 cm-1 is higher in intensity than
the ester band. The amide II band at 1548 cm-1 is strong; the amide III band at 1363 cm-1 is
weaker than the band found for the monolayers of neat I, II, or III. As the TDMs for the amide
I and II vibrations are almost perpendicular to each other, the appearance of strong intensities
for both bands at the same time may be the result of different orientations of L- and D-forms,
but can also be due to a disordered, skew orientation of the amide moieties. Both views are in
agreement with the observation that the alkyl chains are disordered, as different, or random
head-group orientations would give rise to gauche defects in the upper part of the chain. The
presence of a broad absorption at 3305 cm-1 (width 150 cm-1), which we like to assign to a
hydrogen-bonded NH stretching vibration, clearly shows that the orientation of the amide
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Fig. 6. Reflection spectrum of a racemic monolayer of DL-N-(ω-thiol undecanoyl)-phenylalanine methyl
ester (DL-IIII) on gold.

group differs from the orientation of this group in the other monolayers.
The different packing result for the racemic monolayer is not unexpected considering the
stereochemistry of the head-group central carbon atom and the bulkiness of the attached
groups44. For steric reasons, both the benzyl and ester groups have to be directed upwards, away
from the dense monolayer itself. The large phenylalanyl ester substituents are present at the
surface in both the L- and D- (mirrored) forms, and have only limited rotational freedom. A
random packing of L- and D-components inherently leads to crowding, as a result of spatial
incongruency of the enantiomeric forms, which prevents formation of an ordered array of
oriented side groups and hydrogen bonds. The hydrogen bonding pattern is more diverse for
this layer. The amide C=O seems to be non-associated, as it appears at 1666 cm-1. The position
of the amide II band (1548 cm-1) indicates hydrogen-bonding of the amide NH. The
appearance of a slight shoulder at 1738 cm-1 for the ester carbonyl probably indicates
participation of this moiety in a hydrogen bond. This effect was not observed for the other
monolayers.

8.4

Conclusions

The amide-containing thiol compounds I, II and III assemble in regularly packed monolayers
if only one enantiomer is used. Best packing results are obtained for compound I, the one with
a long alkyl spacer chain. Hydrogen bonding of the amide moieties is observed in all cases.
Orientation of chain and amide group, and bonding patterns differ with variation of the spacer
length, possibly due to a larger relaxation effect for the longer chain compounds affected by a
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slight twisting of the chain methylene units.
The spectrum of a mixed monolayer of octadecyl mercaptane I V and the long-chain
derivative I shows evidence that hydrogen bonding still occurs. The amide plane is directed
more or less parallel to the metal surface, an orientation facilitated by the alkyl chain spacer of I,
protruding from the octadecylmercaptane surface. Though observed in some cases45, separation
of the monolayer compounds into islands of one kind, similarly assembled as in neat
monolayers, can be excluded here on the basis of the amide band intensities. It demonstrates,
that hydrogen bonding is not strong enough to induce compound segregation (phase
segregation) in these layers during the deposition process.
Formation of a regularly ordered racemic monolayer proves to be impossible for short-chain
compound III. The disorder is a result of the steric incongruence of the large head-groups. Yet,
the monolayer is densely packed, and hydrogen bonding within the layer is observed.
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9
ADSORPTION AND ORDERING OF RESORCIN[4]ARENE
LAYERS ON PLANAR AND COLLOIDAL GOLD AND THE
INFLUENCE OF SURFACE MODIFICATION †

9.1

Introduction

I

n chapter 8, ordering processes within a monolayer were studied. In this chapter, the
investigation is extended to interactions at the monolayer and metal interface. Insight into
processes of adhesion onto metal and other surfaces and interactions at interfaces is crucial
for the design of catalysts and sensors. The significance of specifically tailored surfaces is growing
steadily and interfacial phenomena such as adhesion1 and molecular recognition2-4 play an
important role, e.g. in the field of biosensors5,6 and immunoassays7 . The behaviour of
macroscopic properties of monolayers such as wettability, biocompatibility and adhesion as a
function of the end group is well documented 8,9.
Thiol monolayers on gold have been a major topic of investigation in the past decade9-12, and
interest in the application of these interfaces as actively interacting surfaces has grown
considerably. Recently, Chechik13 and Karpovich14 have shown that apolar monolayers are
easily penetrated by common solvents. Selective recognition of chlorinated solvents15, nucleic
acids 3, α-amino acids16 and proteins2,5,17,18 has also been reported. Interlayer binding processes

†

Based on: J. W. M. Nissink and J. H. van der Maas, submitted (1998).
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have been demonstrated for ω -functionalised monolayers
interacting with vapour-phase alkanoic acids19-21 , liquid
crystals22, and organophosphonates23 , but also within the
monolayer itself hydrogen-bonding interactions have been
observed24,25.
Organisation and ordering processes within monolayers have
been studied not only for planar monolayers25-27, but also for
monolayers adsorbed onto colloids. Surface-Enhanced Raman
Spectroscopy (SERS) 28-33 is a widely applied example of the
latter case. Assessment of orientation of monolayers on colloids
has been reported, but the application of the metal selection
rule in Raman34-36 is less straightforward than in infrared, and
SERS activity strongly depends on the substrate-sample system
used. Thiol-based monolayers on gold colloids have been
characterised using both SERS and infrared techniques37,38.
In a recent paper, a monolayer of a calix[4]resorcinarene onto
quartz has been suggested as a connecting layer in a sensor39.
Also, SERS-active, planar substrates covered with a monolayer
have been prepared for analytical purposes32,40 , but the
influence of the self-assembled interlayer on the ordering of the
adsorbed species is not known. The aim of the work described
here is to investigate the influence of gold substrates on the
ordering of layers adsorbed onto its surface. The compounds
used in this investigation are synthetically well accessible
resorcinarene cavitands I-IV 41-44 (Scheme 1).
Near Infrared-Surface-Enhanced Raman Spectroscopy (NIRSERS) 30,45 is used to specifically investigate interactions of
sample compounds I-III with surfaces of colloidal gold particles
in aqueous solutions. The directing effect of the substrate in
planar adlayers of II and IV, both of which have substituent
groups that are prone to interact with the surfaces used, is
monitored using InfraRed Reflection Absorption Spectroscopy
( IRRAS) for layers deposited on bare gold substrates and on gold
substrates covered with mixed monolayers of octadecanethiol
(V, next page) and an ω-carboxylate-functionalised thiol (ωthiol-docosanoic acid, VI, next page).
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9.2

Experimental section
OH
O=C

Materials. Cavitands I-I V were prepared according to literature
procedures41,42,46. Octadecylmercaptane V (Aldrich, p.a.) was used as received.
The ω-thiol-docosanoic acid VI was synthesised by addition of thiolacetic
CH3
acid47 to the ω-unsaturated acid48 followed by cleavage of the thiolacetic ester
by anhydrous K2CO 3 (Janssen, p.a.) in methanol (Lamers & Pleuger, 98%).
Monolayers on gold substrates. Planar gold substrates were manufactured as
described in chapter 8, Experimental Section. Self-assembled monolayers were
formed by spontaneous adsorption of the thiol onto the clean gold surface
upon immersion of the substrates in a 2:1 (mol/mol) solution of
octadecylmercaptane and ω-thiol-docosanoic acid in degassed ethanol (0.5-5
mM) in a nitrogen atmosphere at room temperature for at least 6 h. Prior to
immersion, substrates were cleaned with H2SO4:H 2O2 (Merck, p.a. 2:1 v/v,
use with caution, strong oxidant, hazard of explosion!), rinsed with
demineralised water and ethanol (Merck,p.a.), successively, and dried in a
nitrogen stream. After immersion, the samples were rinsed extensively with
ethanol (Merck, p.a.) and acetone (Merck, p.a.) and dried again.
HS
HS
For the multilayer samples, only one half of the slides was covered by a
V
VI
monolayer, and the multilayer was deposited simultaneously on both the
covered and non-covered parts of the substrate, such that an equal coating was
Scheme 2
obtained for both sides.
Gold colloids. Colloidal gold solutions were prepared by citrate reduction of hydrogen
tetrachloroaurate(III) (HAuCl4,)49,50. To a well-stirred, boiling solution of HAuCl4 (hydrate
salt) (2.5. 10-4 M, 10 ml) in demineralised water a small volume (0.15 ml) of sodium citrate (p.a.)
solution (1% w/v) was added. The amount of citrate solution influences the final particle size50.
Colloids were checked by TEM (transmission electron microscopy) and were found to consist of
spherical gold particles, with a uniform size of ~25 nm.
Infrared (reflection) spectroscopy. For experimental details, we refer to chapter 8, Experimental
Section. Multilayer-covered samples were cleaned by rinsing with hexane (p.a.), in which the
cavitands are not soluble. Solids were measured in pressed KBr discs, using a DTGS detector.
Raman spectroscopy and NIR-SERS measurements. All Raman spectra were recorded on a PerkinElmer System 2000 FT-RAMAN Spectrometer equipped with a ND -YAG near-infrared laser
(wavelength 1.064 µm) and an INGAAS detector. Solid samples were measured in a 180° backscattering geometry. Samples for SERS measurements were prepared by aggregation of 1 ml of
the above-mentioned colloid with a drop of potassium bromide solution (10% w/v) followed
by dropwise addition and thorough mixing of 10-20 µl of a dilute solution of the analyte
(~0.1 mM, in ethanol).
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9.3
9.3.1

Results and discussion
Cavitands

Resorcinarene cavitands are rigid molecules with a cone-shaped backbone composed of four
aromatic units which are connected by methyleneoxy and methylene bridges43,44. They are
synthetically well accesible and can be functionalised with a variety of side chains (at the lower
rim) and functional groups at the aromatic units (upper rim)42,51,52. Aminomethylcavitand II and
hydroxymethylcavitand III are examples of these functionalised compounds, both with pentyl
chains at the lower rim. Recently, complexation of halide anions was demonstrated with
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Fig. 1. Infrared spectra of cavitand I (a), II (b) and III (c). Samples in KBr pellets. Absorbance
in a.u.
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N-phenylthiourea-functionalised cavitand I and n-propylurea-substituted resorcinarene
IV 41,53,54. Thiourea and urea moieties are known to bind halide ions selectively through
hydrogen bonding41,55 (see chapters 4 and 5) and also to display cation-ligating and metalcoordinating properties 56.
The infrared spectra (KBr pellets) are shown in Fig. 1a-c and the Raman spectra in Fig 2a-c.
The solid compounds I and II were measured at low laser intensity to prevent heating effects;
the laser intensity had to be increased to obtain a spectrum of cavitand III. A tentative
assignment of characteristic infrared and Raman bands is presented in Table 1 (overleaf). Due to
the common backbone structure, spectra of the cavitands display a high degree of similarity, e.g.
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Fig. 2. NIR-Raman spectra of cavitand I (a), II (b) and III (c). Solid samples. Laser power 50 mW
(I,II) or 300 mW (III). Raman intensity in a.u.
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Table 1. Characteristic bands of cavitand compounds I, II and III, and a tentative
assignment of the IR and Raman bands57-60. All data in cm-1.
I
IR
36003100

II
Raman

IR
36003100

III
Raman
3310

IR

Assignment

Raman

νOH

36003200
3058
3063

3059

2866
2859

2987

2930

2953
2929

2868

2863

1597

1598

1532
1498

1497

1470
1452

1584
1576

1597
1587

1470
1457

1300
1265
1230

1186
1148

1111
1087
1075
1019

2931
2912
2866

1116
1072
1032
1001

2954
2930
2862
1709
1633
1590

1471
1457
1455
1442

1379
1330
1303

1429
1378

1444

1304

1301

1302

1239

1150

1150

1111
1087
1067
1019

1115
1071
1025

976

973

966

817
745

1120
1111
1087
1075
1022

1149

1116
1071
1022
1008
973

965
927
896
851

897
850

745
729

(continued on next page)
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1464

1367

1237
1209

897
848

749

1594
1587

1452

1004
984
967
935

2932
2910
2867

1495

1452

1380
1346
1304
1258
1237

ν=CH {20}

3026

2999
2952
2928

815
711

743

νNH

νCH3 as.
νCH2 as.
νCH3 s.
νCH2 s.
combination band?
combination band?
aromatic quadrant (C-C) stretch {8a}
δNH
δNH + νCN (amide II)
aromatic semicircle stretch {19a}
(subst.)
δCH3 as.
aromatic C-C stretching {19b}
CH3,CH2 deformation
NCH2 deformation
OCH 2 deformation, COH bending
δCH3 s.
νCN
{14}?, OCHO wagging, CH2 wagging
νC-C pentyl, trans
νC-O (aryl side)
νC=S
νC-C n-alkane
CC stretch, νCOCOC doublet
νC-C n-alkane
ring mode {7b, 13}, νC-O-C-O-C as.,
νC-O-C-O-C s.
νC-O (alkyl, gauche), {13}
CH in-plane bending {7b}
ring breathing (subst.)
{7a}
cavitand ring mode {20b}
subst. ring breathing mode {5}?
aromatic ring breathing,
CH out-of-plane wagging
skeletal mode n-alkane,
νC-O-C-O-C s.?
νCNC s.
aromatic ring puckering {4}?
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(Table 1, continued)

I
IR
697

II
Raman
691

IR
695

III

Raman
682

IR
699

Assignment

Raman
686

ring out-of-plane deformation mode
{12}, amide V?
642
COCOC deformation
608
602
608
ring out-of-plane deform. mode {6a}
588
587
587
?
507
508
CCN skeletal deformation
493
484
486
491
COCOC deformation
474
NCS deformation
413
425
CN in-plane bending
392
396
COCOC deformations, tertiary C
deformations
s. symmetric; as. antisymmetric; subst. phenyl substituent on ureido moiety (cavitand I); {}
Wilson mode number for aromatic ring vibrations.
The assignment of aromatic ring modes is largely based on the assignment of pentafluorobenzene
by Varsányi (Varsányi, G., Vibrational spectra of benzene derivatives, Academic Press: New York,
1969).

Table 2. Tentative assignment of bands in the NIR-SERS spectra
of cavitand compounds I, II and III. All data in cm-1.
I

II

III

1572

3025
1613
1569

1615
1569

1452
1423

1454
1422

1334

Thio- Assignment
phenol
1572

1397
1360
1334
1112
1072

1072

1071

1071

1023

1021

1023

999
879

997

998

475

477
424
419

477

1022
998
694
421

420
419

ν=CH {20}
?
aromatic quadrant (C-C) stretch
{8b}
CH3,CH2 deformation
{2}?, XCH2 deformation
(X=N,O)
?
?
OCHO wagging, CH 2 wagging
CO stretch alcohol?
thiophenol ring mode {9b}
cavitand ring mode {13}
thiophenol ring mode {18}
cavitand ring mode {7b}
thiophenol ring mode {12}
cavitand ring mode {20b, 7a?}
{12} ?
thiophenol ring mode {6b}
cavitand skeletal mode {6a}
ring skeletal mode
cavitand skeletal mode {6b}

{} Wilson mode number for aromatic ring vibrations.
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the methyl and methylene CH stretching band profiles in the 3000-2800 cm -1 infrared region
are very much alike. Strong bands due to aromatic ring vibrations dominate in the Raman and
infrared spectra (Raman ~1597, ~1452, ~1302 cm-1; IR ~1590, ~1455, 1018, ~970 cm-1).
Penta-substituted aromatic compounds have not been documented very well in literature.
Therefore, the assignment of the aromatic bands arising from the five-fold substituted aromatic
unit in the cavitands (Table 1) is based largely on that of a model compound substituted with
five relatively light groups: pentafluorobenzene61,62. An assignment, however, is difficult, as
considerable shifts are observed, e.g. the IR-active 19b mode, is found in pentafluorobenzene at
a rather high wavenumber of ~1530 cm-1, but we assign it to the band found at ~1455 cm-1 in
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Fig. 3. NIR-Surface-Enhanced Raman spectra of cavitand I (a), cavitand II (b), and cavitand III
(c). Laser power 50 mW. See experimental section for sample preparation.
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the cavitand spectra. Vibrations involving the groups at the upper rim of the cavitand sometimes
display small shifts. These shifts are possibly due to the different nature of the groups, although a
different packing in the crystalline phase cannot be ruled out. For instance, the aromatic mode
19b involves movement of the top carbon of the ring, enclosed in the upper rim of the
molecule. Substituents are anchored to these carbon atoms via a methylene unit, and band
positions are 1452 cm-1 for thiourea-substituted cavitand I, and 1457 cm-1 for the amino- and
hydroxyl-substituted cavitands II and III.

9.3.2

Surface Enhanced Raman Spectroscopy

Surface enhancement was achieved for all cavitands by mixing a small amount of sample and
gold sol. Formation of a SERS-active substrate was effected by aggregation of the colloidal

Raman Intensity

particles by addition of KBr solution63. The SERS effect usually emerges within minutes, and
disappears gradually within a few hours. Spectra for the cavitands I, II and III are shown in Fig.
3a-c, and an assignment of characteristic bands is given in Table 2 (p. 95). The enhancement of
the Raman scattering cross sections with respect to the normal Raman intensities measured
from a bulk sample is estimated to be in the order of 105.
For comparison, a thiophenol SERS spectrum obtained with aggregated gold colloid is shown
in Fig. 4. Close-ups of the cavitand spectra are shown in Fig. 5a-c (next page). The band-pattern
observed in the 1075-995 cm-1 region in Fig. 5b and c bears a strong analogy to the pattern
observed for thiophenol and other benzene derivatives absorbed on either gold or silver
colloids34,64,65. Yet, the similarity is coincidental, as different modes of vibration are expected
for the penta-substituted aromatic rings in the cavitand structure. From a comparison with
chlorobenzene34, we assign the thiophenol SERS bands at 1072, 1022 and 988 cm-1 to Wilson
modes 9b, 18a, and 12, respectively. The band at 1072 cm-1 may also be ascribed to mode 18b,
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Fig. 4. NIR-Surface-Enhanced Raman spectrum of thiophenol in the presence of gold colloid. Laser
power 50 mW.
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Fig. 5. NIR-Surface-Enhanced Raman spectra. Expanded view of the mid-ir region for I (a), II (b),
and III (c). Raman intensity in a.u.

or 1, according to Varsanyi61. For the cavitands, skeletal bands in this region are all found at
virtually the same positions for compounds I, II, and III, viz. at 1071, 1023, and 998 cm-1. We
tentatively assign these bands to ring modes 13, 7b, and 7a, based on an assignment for pentasubstituted benzenes given by Varsányi 61. The 998 cm-1 band is strongly enhanced, compared to
the band in the solid state Raman spectra, and possibly this indicates an involvement of the ring
in the adsorption process. The band is not ascribed to mode 20b, as for penta-substitution with
light groups one expects the latter at a lower position61. The modes all involve stretching of the
five non-hydrogen ring substituents, i.e. they comprise stretching motions of the cavitand cage.
In the case of cavitand I, the assignment is complicated by the interference of bands from the
phenyl substituent in the same region.
For cavitands as well as thiophenol, the band at ~1570 cm-1 is assigned to ring C-C stretching
mode 8a61,66 . Again, due to the superposition of the band of the phenyl substituent, the
wavenumber found for cavitand I slightly deviates from those of the cavitands II and III. We
assign the low wavenumber bands at 477 and 419 cm-1 (Fig. 3) to modes 6a and 6b 61.
In principle, an estimation of the direction of transition dipoles follows from the
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electromagnetic propensity rules. However, in this case the Raman tensors are not known, and
an assessment of the ordering of the molecules is difficult, if possible at all. Furthermore, it is not
clear if the neglect of a chemical enhancement mechanism is permitted. Although physisorption
of a benzene does not give rise to effects as a result of chemical enhancement67, the adsorption
of the cavitand onto the gold surface through the upper-rim substituents may give rise to a
resonant charge-transfer intermediate state, thereby influencing the intensity and position of
bands 68-70. The small shifts observed for the bands in the 1100-1000 cm-1 region are in line with
the 'first layer enhancement' phenomenon, which incorporates both electromagnetic and
chemical contributions 71.
In view of the small shifts of bands in the 1100-1000 cm-1 region, a strong interaction of the
aromatic ring in the cavitand frame with the metal surface via its π-system is not very likely.
The strong enhancement of the mode 6 and other bands is a result more due to an
electromagnetic than a chemical mechanism. In a rough approximation based on the
electromagnetic propensity rules, one may assume that due to the proximity of the metal
surface, the largest Raman enhancement is observed for modes which derive their intensity
from the polarisability matrix element α ZZ (Z being perpendicular to the metal-surface),
followed by modes depending on α XZ and α YZ 72. From a comparison of vibrations that are
expected to show similar enhancements, e.g. ring vibrations 68, a tentative orientation can then
be derived, provided the modes are properly assigned.
Assuming that our assignment of the modes 13, 7a, and 7b is correct, we expect that the

13

7a

7b

z
y

Fig. 6. Approximate shapes of modes 13, 7a and 7b. See text for further explanation. Modes shown
are adapted from pentafluorobenzene modes 61.
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Absorbance

corresponding changes of the polarisability component are located mainly in the plane of the
aromatic ring, as these vibrations all involve ring substituent movement to a large extent.
However, some polarisability contributions perpendicular to the plane of the ring may be
present as a result of a changing π-system. A schematic representation of vibrational shapes for
mode 13 and degenerate mode 7 is depicted in Fig. 6. In these representations, the plane of the
ring is taken to be in the Y Z plane. The vibrational shapes are shown schematically for the
aromatic ring at the two extreme points of the mode, and it can be estimated that for 7a the
major polarisability change is in the Z -direction, and for 7b in the Y -direction. Mode 13
comprises contributions from both Y and Z components35. The 6a and 6b radial modes (not
shown) display strong distortion of the ring and its π-system and are therefore expected to have
considerable polarisability changes along the normal to the ring plane. In our simplified model,
an enhancement of mode 6a and b will be observed for orientations of the aromatic ring parallel
to the substrate plane, whereas the modes 13 and 7 will benefit most from the SERS effect when
oriented perpendicular to the surface.
As the polarisability changes of the degenerate ring modes 7a and 7b in the plane of the
aromatic ring are perpendicular to each other (approximately along, and perpendicular to the
pseudo-fourfold axis of the cone, respectively), the presence of both modes in the SERS spectra
suggests that the cavitand cone cannot be perpendicular to the surface. In that case mode 7b
would have a polarisability component parallel to the surface for all aromatic rings in the
molecule, and the corresponding band would be absent in the spectrum. Assuming a cavitand
orientation with one of the aromatic rings of the 4-sided cone parallel to the surface inherently
leads to a tilted arrangement of the other aromatic cores. This would result in the appearance of
both modes 7a and b. The presence of deformation modes 6a and b strongly endorses this view,
as they would not appear so strongly in the spectrum in an upright orientation of the cone. For
cavitand I, though, it is not well possible to asses the orientation of the molecule, because of
spectral interference of the phenyl rings of the substituent in the spectrum. Nevertheless, we
believe that also in this case the cone is positioned side-on, more or less parallel to the surface,
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Fig. 7. Infrared spectrum of cavitand IV. Sample in KBr pellet. Absorbance in a.u.
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in view of the similarity in appearance of the mode 6 bands in the spectra of compounds I, II
and III.
The Raman signals as they are, combined with the uncertainty of the assignment defy a
singular assessment of the molecular orientation. Yet, the SERS results do not seem to be in
contradiction with the hypothesis that a binding interaction between the cavitands and the gold
takes place via the functional groups on the upper rim, resulting in a tilted orientation of the
cavitands.

9.3.3

Infrared Reflection-Absorption Spectroscopy of planar gold substrates

The influence of the substrate on the
orientation and ordering of deposited
cavitands was investigated using grazing angle
reflection techniques. The substrates used
were gold, evaporated onto glass slides, and
self-assembled monolayers on gold-covered
glass slides. A multilayer of the cavitand
compound was deposited onto these
interfaces. Probe molecules used for
deposition were the amino-substituted
cavitand II and the propylurea-derivatised
cavitand IV. The infrared spectrum of IV is
presented in Fig. 7 and a tentative assignment
of bands is given in Table 3.
For the monolayers, mixtures of the thiol
compounds V (octadecyl mercaptane) and VI
(ω-thiol-docosanoic acid) (Scheme 2, p. 91)
were used. Mixed monolayers were chosen as
the carboxylate-modified surface is expected
to provide additional interactions between the
adlayer and the substrate through hydrogen
bonding between the carboxylate and the
amine and urea moieties situated on the probe
molecule.
Difference spectra are generated from
spectra of the cavitand multilayer on a selfassembled monolayer and a bare gold surface.

Table 3. Characteristic bands of cavitand IV and
a tentative assignment. All data in cm-1 .
IV
37003100
2952
2930
2864

Assignment of IR bands
νNH

νCH3 as.
νCH2 as.
νCH3 s.
νC=O (amide I)
1650
1586
aromatic quadrant (C-C) stretch {8a}
aromatic C-C stretching {19b}, δCH3
1467
as.
δCH3 as, aromatic C-C stretching {19b}
1458
CH3,CH2 deformation
NCH2 deformation
δCH3 s.
1399
νCN
1378
1330
amide III ?
{14}?, OCHO wagging, CH2 wagging
1304
νC-C pentyl, trans
νC-O (aryl side)
1231
νC-C n-alkane
1151
νC-O-C-O-C as.,{7b}?
1111
νC-O-C-O-C s.
1089
νC-O (alkyl, gauche)
1070
1019
ring mode {7a}
977
cavitand/subst. ring mode {20b}
847
δ, n-alkane
746
aromatic ring puckering {4}?
728
pentyl, methylene rocking
692
ring out-of-plane deformation mode
679
amide V?
587
?
485
COCOC deformation
485
CN in-plane bending
{} Wilson mode number for aromatic ring
vibrations; s. symmetric; as. antisymmetric;
δ deformation vibration.
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For samples on gold, the so-called metal-selection rule applies, stating that vibrations are
observed only if they have transition dipole moment (TDM) components perpendicular to the
plane of the metal surface73. Therefore, if the orientation of a cavitand on bare gold differs from
the one present on gold covered with a monolayer, small differences between the spectra will
be present. Would the substrate be of no influence on the deposition, the spectra reflect the
difference between the substrates, i.e. the spectrum of the monolayer only. A change in
orientation induced by the substrate will give rise to additional features in the spectrum.
Multilayers of amino-cavitand II on top of a gold surface and a self-assembled monolayer
have similar spectra. The spectrum of the cavitand multilayer is shown in Fig. 8 (middle) and is
distinctly different from the spectrum of the isotropically distributed crystalline sample in KBr
(top). Although the multilayer thickness, estimated to be in the order of 102 nm (i.e. 10-20
layers), is quite large, the metal selection rule still determines the spectral outcome as a polariser
was used to select p-polarised radiation only. Dominating bands in the KBr spectrum are found
at 1584, 1470 and 1457, 1303, 1237, 1019, and 976 cm-1. These bands are also present in the
multilayer spectra, though shifts are observed in a few cases. Bands typical for the multilayer are
positioned at 1586, 1466, 1407, 1312, 1244, and 1019 cm-1. They are attributed to the vibrations
of the cavitand frame and the NH bending mode (1586 cm-1). The strong decrease in intensity
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Fig. 8. Infrared spectra of cavitand II. KBr-pellet (top), multilayer on gold (middle) and difference
spectrum of multilayer on gold and multilayer on monolayer-covered gold (bottom). See text for
further explanation.
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of the 980 cm-1 band, assigned to mode 20b (Fig. 10, p. 104) suggests that in the multilayer all
cavitands are oriented with their pseudo-fourfold axes perpendicular to the substrate surface42b.
In that case, the TDM for this vibration is almost parallel to the metal, leading to a weak band.
The intensity decrease of the 1466 cm-1 band (assigned to mode 19b) endorses this view as its
transition moment is approximately parallel to that of mode 20b (Fig. 10), and also the persisting
nature of the band at 1019 cm-1 (tentatively assigned to mode 7a) is in line with this view.
The origin of the band at 1407 cm-1 is not clear. Possibly, it arises from the symmetric ring
breathing mode (Wilson mode 2), like in pentafluorobenzene. The TDM for this vibration is
expected to lie along the axis of the molecule (Fig. 10), which explains the appearance of this
band.
The spectral difference between the multilayer on the monolayer and the multilayer on gold
is shown in Fig. 8 (bottom). Difference bands are expected to be due to the self-assembled
monolayer, as it is only present on one of the gold substrates. Also, a re-orientation of either
one of the cavitand adlayers with respect to the other one may give rise to positive or negative
bands (with respect to the baseline). The most marked differences in the mid-ir region are due
to bands positioned at 1413, 1023 and 980 cm -1. This implies that e.g. the TDM's of bands at
1023 (mode 7a) and 980 cm-1 (mode 20b) on the bare-gold surface, are re-oriented in such a
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Fig. 9. Infrared spectra of cavitand IV. KBr-pellet (top), multilayer on gold (middle) and difference
spectrum of multilayer on gold and multilayer on monolayer-covered gold (bottom). See text for
further explanation.
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2

7a

19b

20b

Fig. 10. A schematic representation of the ring modes 2, 7a, 19b and 20b 62,76,77. The arrow (
indicates an estimate of the TDM direction.

)

way, that they are better aligned with the field perpendicular to the metal surface than in the
monolayer case, indicating that the molecule is tilted with respect to the other orientation.
The assignment of the 1413 cm-1 band is not straightforward. If this band is attributed to a
Wilson mode 2 type of vibration, it should have a TDM parallel to the 7a mode transition
moment, and, like the 1023 cm-1 band, contribute in a negative way, but this is not the case.
Therefore, we tentatively assign this band to a symmetric carboxylate stretching vibration of the
monolayer. This is probably the result of a re-orientation of the carboxylate groups in the
mixed monolayer after reaction of the carboxylic-acid termini with the amino-groups present at
the cavitand upper rim. The band was not observed in the spectrum of the mixed monolayer
(not shown), but has been reported in literature74,75 . The absence of its antisymmetric
counterpart indicates that the carboxyl group is pointing upwards, as the transition moment
vectors for the antisymmetric and symmetric stretching vibrations are orthogonal and in the
plane of the COO- group.
The results for the analogous multilayers of IV on gold and monolayer-covered gold are
shown in Fig. 9. The mid-ir region of KBr-pellet spectrum is depicted at the top, and the
spectrum of a multilayer on bare gold in the middle, while the spectrum at the bottom shows
the difference. Comparing middle and top spectra, one observes in the multilayer-spectrum a
relative increase of the bands at 1470 and 1458 cm-1 (ring mode 19b) with respect to the bands
at 1018 and 978 cm-1 (ring modes 7a, 20b). The presence of 19b and 20b modes, that have
TDM 's perpendicular to the pseudo-C4 axis of the cavitand, indicates that the molecule is not in
an upright position relative to the surface, but tilted with respect to the surface normal. In view
of the intensity of the 20b mode, we expect that cavitand IV is less upright on the surface than
cavitand II in its multilayer (cf. Fig. 8). This result is not unexpected, as the sizes of the upperrim substituents of the compounds differ substantially
The difference spectrum (Fig. 9, bottom) shows some residual bands, but the intensities are
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2800
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approximately 2 times smaller for cavitand IV than for
compound II (cf. Figs. 9, bottom, and 8, bottom). From
this we conclude that the directional influence of either
gold or monolayer surface on the packing of the first
adlayer is small in the case of cavitand IV. For this sample,
in the methylene stretching region, the spectrum of a selfassembled alkyl chain monolayer was nicely reproduced
from the subtraction, as is shown in Fig. 11b, whereas in
the case of the multilayers of II, additional influences are
observed as a result of a different packing of the layers that
are directly in contact with the substrate surface (Fig. 11a).
Summarising, we conclude that ordering is present in
layers of cavitands adsorbed on gold, but that the specific
influence of the substrate is difficult to assess. Yet,
Surface-Enhanced Raman spectroscopy can provide
information on the interaction of probe molecules with
gold particles if an assignment of the vibrations is at hand.
A possible drawback of this method is, that one is limited
in the choice of solvent when using colloidal gold.
Infrared reflection difference spectroscopy can be used
to evaluate the effects of ordering. Results, however, are
very difficult to interpret as the obtained data are relative
with respect to a reference situation that is often not
known.

Fig. 11. Difference spectrum of
multilayer on gold and multilayer on
monolayer-covered gold. CH
stretching region. Cavitand II (a) and
IV (b). See text for further
explanation.
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10
REVERSIBLE BINDING OF RESORCIN[4]ARENE
CAVITANDS ONTO A SELF-ASSEMBLED MONOLAYER.
AN SPR STUDY
†

10.1

Introduction

W

hen preparing coatings, self-assembling and association at the interface can be
utilised to build a specific layer by actively directing the interactions at a molecular
level. This concept is unlike the passive role that monolayers play in most
applications, e.g. resisting non-specific adsorption of proteins in a bio-sensor1, or preventing
denaturation of a metal surface in electrochemical set-ups2. The approach has already been
demonstrated in situations where a monolayer-forming thiol is specifically designed to react
with an analyte and plays an active role in the recognition of the analyte3-7, or directs the
orientation of the adsorbed layer8.
Recently Kurita et al.9 have investigated the interaction of calix[4]resorcinarenes with
amorphous polar substrates. They evaluated the applicability of these macrocycles as a linking
layer for future use in sensors. Applying these compounds as a junction between a surface and a
chemical sensor group would provide a means to minimise sterical hindrance between active
centres attached to these spacious molecules, while still adequately covering and shielding an
interface.
In this chapter we evaluate the possibility to bind cavitands selectively and reversibly at gold
surfaces. For this purpose, the association of substituted recorcin[4]arenes with a chloridecontaining monolayer by molecular recognition of halide ions at the self-assembled surface was
investigated10. The proces was monitored in real-time by Surface Plasmon Resonance (SPR)11.
†

Based on: J. W. M. Nissink, Th. Wink and J. H. van der Maas, J. Mol. Struct., accepted for publication.
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10.2

Experimental section

CH 3
O

Materials. Four cavitands (I-III, V) and one simple thiourea (IV)
compound have been investigated. Samples I-IV contain thiourea
groups and V is a urea-substituted cavitand . These compounds have
a cone-shaped backbone formed by four aromatic rings, and are
linked by methylenedioxo units at the upper rim and methylene
groups at the lower rim. The cavitands have pentyl chains attached
to the lower rims, and are substituted at their upper rim with methyl
(I), thioureido (II, III) or ureido (V) moieties.
Monolayers. Monolayers were formed via spontaneous adsorption of
the HCl adduct of di-ω-aminoundecyl disulfide VI or dodecanethiol
VII on gold layers. In all cases, millimolar solutions of the disulfide
or thiol in degassed ethanol (p.a.) were used. The disulfide dissolves
after addition of a drop of diluted hydrochloric acid (p.a.) to 10 ml
of a 1 mM solution. The substrates for SPR consisted of BK7-glass
discs coated with 3 nm of titanium and 50.0 nm of gold. Prior to
measurement, all samples were rinsed extensively with ethanol (p.a.)
and acetone (p.a.) to remove physisorbed impurities and were
mounted in the apparatus.
SPR measurements. Surface Plasmon Resonance (SPR) was performed
using an IBIS SPR instrument (Intersens instruments, The
Netherlands). In this set-up, a HeNe laser (632.8 nm) is used. For a
description of the method the reader is referred to chapter 2,
section 2.3 . The volume of the sample compartment is 100 µl.
During measurements, the temperature of the set-up was kept
constant at 24.00 ± 0.01°C. Acetone was used as a solvent. Washing
cycles and additions of sample solutions were performed using the
built-in autosampler. After washing with solvents other than
acetone, an additional cycle of rinsing with acetone was performed
to remove the washing solvent completely.
The thickness of an adsorbed layer is taken to be linear with the
angular shift of the minimum. The SPR curve can be calculated12,13
given the optical constants of the metal, adsorbens and surrounding
mediums and the thicknesses of metal and adsorbens layers. A
concise description of the calculation method is given in
appendix III.
The angle shift of the minimum of the curve is taken with respect
to the starting situation in all SPR-plots shown.
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10.3
Results and discussion
10.3.1 Surface Plasmon Resonance
The halide-complexing properties of tetra(thio)urea cavitands have been described in chapters
4 and 5 14-16. In this chapter, we investigate the selective adsorption of this type of ligand onto a
modified surface. Disulfide VI was used to prepare a self-assembled monolayer containing
chloride anions in the form of the ammonium salt. Adsorption of the non-associating cavitand I
and halide-complexing compounds II and III was investigated, and results are depicted in Fig. 1
for 1.0 mM solutions in acetone. Clearly, both methyl cavitand I, which is applied as a nonassociating reference sample and thiourea II interact with the monolayer surface in a similar
way, leading to an angle shift* of approx. 65 m°. Binding of these compounds is reversible, and
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Fig. 1 SPR results for adsorption of cavitands I, II and III onto a monolayer of VI. Cavitand
solutions: 1 mM. Arrows indicate introduction of solution or solvent. Ac. rinsing with acetone.

both cavitands are washed off the surface by rinsing with acetone. Resorcinarene III behaves
clearly different. After an initial, fast increase of the angle shift, the cavitand continues to adsorb
at a slower rate, leading to a shift of about 170 m° after 20 minutes. This layer could only be
removed partially by rinsing with acetone and ethyl acetate. The angle shift caused by this
remaining layer is similar to the one observed for I and I I. Upon introduction of a fresh
solution of III in the sample compartiment, the thick layer is restored.
Adsorption of the compounds I, II, and III was repeated using solutions of 0.1 mM and the
results for this lower concentration are shown in Fig. 2. In this case, the differences between the

* The spiked feature observed in the graphs upon replacing the supernatant solvent by a sample solution is an
artifact. Due to the volatile nature of acetone, some evaporation upon addition cannot be prevented, and this
induces small differences in temperature that are reflected in the measured signal.
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Fig. 2 SPR results for adsorption of cavitands I, II and III onto a monolayer of VI. Cavitand
solutions: 0.1 mM. Arrows indicate introduction of solution or solvent. Ac. rinsing with acetone;
EtAc., with ethyl acetate; EtOH/HCl., with acidified ethanol.

samples are more pronounced. Adsorption of I is fast and the shift of the SPR -angle increases
slightly in time to a value of 15 m° (with respect to its starting value), probably as a result of a
re-organisation of the monolayer and the adsorbed layer. Removal of the adsorbens by rinsing
with acetone leads to a decrease of the angular shift to a value below the starting level, but the
original situation is restored after some time. Introduction of a solution of II leads to a shift in
the angle of 31 m°. In this case, the cavitand cannot be removed fully by rinsing with acetone.
Upon applying ethyl acetate, followed by rinsing with acetone (Fig. 2), the shift increases,
probably a result of incorporation of the ethyl acetate molecules in the layer, or adhesion onto
the surface. The full shift induced by subsequent adsorption of III is ~115 m° with respect to
the initial situation at t = 0 s, or 75 m° with respect to the level at the time of the introduction
of the sample in the compartment. The small irregularity in the adsorption profile of III at
approx. 2000 s. is not an artefact and was also observed in other cases (vide infra). Extensive
rinsing with ethyl acetate does not fully remove the adsorbed layer, and the shift rises to 68 m°
after rinsing with acetone (see Fig. 2). Addition of ethanol acidified with hydrogen chloride
(pH ~1) is more succesfull in removing the adsorbent, but a residual shift with respect to the
starting position remains.
Adsorption processes are governed by both diffusion of the compounds to the surface and
'sticking' of the molecules to the surface. Figs. 1 and 2 clearly indicate that the attractive forces
at the interface differ for cavitands I, II, and III and that formation of the layer is governed, at
least partially, by kinetic processes. Although in the second series layer thicknesses are
diminished for all compounds as indicated by the shifts, the adsorption of cavitands I and II is
affected most by the decreased diffusion towards the surface. The influence of the monolayer
was checked for cavitands I and III by monitoring the adsorption onto an alkyl-chain
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Ac.
Angle shift (millidegrees)

25.0

Ac.

EtOH/HCl

III
I
0

EtAc.
1000

2000

Time (s)

Fig. 3 SPR results for adsorption of cavitands I and III onto a monolayer of VII. Cavitand
solutions: 0.1 mM. Arrows indicate introduction of solution or solvent. Ac. rinsing with acetone;
EtAc., with ethyl acetate; EtOH/HCl., with acidified ethanol.

monolayer of VII. As can be seen in Fig. 3, the angle shift induced by introduction of a 0.1 mM
solution of the compounds in the sample compartment is now similar for both (65 m° for I,
with respect to the level at the time of the introduction of I, and 68 m° for III, with respect to
the level before rinsing with ethyl acetate. For this monolayer, too, incorporation of ethyl
acetate in or adhesion onto the layer is observed. Again, in the adsorption profile of III, a small
irregularity is observed probably due to a rearrangement of the layer on reaching a certain level
of coverage. Desorption of III was not complete using acetone only. The strong variation of the
baseline here may be the result of re-organisation processes of the monolayer surface due to
partial penetration of the pentyl substituents of cavitands into the layer.
To investigate the influence of the strength of adsorption on the arrangement of thioureas on
a monolayer of VI, a simple thiourea was measured. Compound IV is known to form a
complex with halide like cavitands II and III, but its association constant is at least one order
lower than those of II and III14,15. Therefore, one expects that the formation of an adlayer of
this compound takes place much slower than observed for II and III, and that it will be thinner
as it is a smaller molecule. This is reflected in Fig. 4 (overleaf), which depicts the result for
adsorption of IV from a 1.0 mM solution in acetone.
Again, after rinsing with acetone, the angular shift is not fully restored to its initial level (i.e.
before adsorption). This effect is observed for all thioureas, and may be a result of monolayer reordering effects induced by physical adsorption of the thiourea derivatives. Another reason,
however, could be irreversible binding of the compounds to the interface. Possibly, adsorption
of the thioureide-containing molecules17 takes place at pinhole defect sites via the sulfur atom,
thereby inducing both a change in the ordering of the monolayer and an increase of its average
thickness. The latter effect is seen clearly in Fig. 2, where the reversible adsorption and
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Ac.
Angle shift (millidegrees)

25.0

IV
0

1000

Time (s)

Fig. 4 SPR results for adsorption of thiourea IV onto a monolayer of VI. Cavitand solution: 1
mM. Arrows indicate introduction of solution or solvent. Ac. rinsing with acetone.

desorption of I causes a shift of the baseline to a lower level (re-organisation of the monolayer),
whereas the subsequent adsorption and desorption of cavitand II raises it to a higher value
(chemical adsorption).
The hypothesis that irreversible adsorption at defect sites plays a role was validated by the
results obtained for propylureide-substituted cavitand V, which does complex halide, but does
not contain sulfur atoms that can adsorb to uncovered gold. Similar urea-substituted cavitands
have been shown to have association constants for halide that are one order of magnitude lower
than those of II. Results for adsorption of this compound (V) are displayed in Fig. 5, for
adsorption from a 1.0 mM solution in acetone. The angle shift on adsorption reaches approx.

Ac.

Ac.
Angle shift (millidegrees)

50.0

EtOH/
HCl

V

V
0

1000

2000

Time (s)

Fig. 5 SPR results for adsorption of cavitand V onto a monolayer of VI. Cavitand solution: 1
mM. Arrows indicate introduction of solution or solvent. Ac. rinsing with acetone; EtAc., with
ethyl acetate; EtOH/HCl., with acidified ethanol.
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180 m°. Desorption of the compound is not complete using acetone and results in a decrease of
the angular shift to 70 m° (with respect to the initial situation on introduction of the sample
solution). The remaining layer seems to be firmly bound to the surface in this solvent. Full
desorption was achieved by rinsing with ethanol acidified with hydrogen chloride and
readsorption of V shows that the adsorption process is reversible (see Fig. 5).

10.3.2 Simulation of SPR shifts
As it is not fully clear, whether a monolayer or a multilayer remains adsorbed after washing
off the cavitands, SPR curves were simulated to provide insight in the magnitude of the shifts.
For this purpose, shifts were estimated for a simple model incorporating a metal layer, an
adsorbed monolayer, and a layer of the adsorbens, as depicted in Fig. 6. The reflectance of this
optical system was analysed using the multilayer matrix approach described by Yeh18 and the
minimum of the SPR-curve predicted by the algorithm was obtained by iterative means (see
Appendix III). Although experimental SPR curves deviate from calculated curves, the shifts of
the minima are often predicted quite well by such mathematical models13,19. The thickness of
the gold monolayer d 1 (Fig. 6) was taken 50.0 nm and d2 for the monolayer 1.0 nm. The
dielectric constant ε 1 of the gold was taken from Raether12 . The optical constants for the
monolayer and its adsorbens were taken equal, as it is not clear whether these ultrathin layers
interpenetrate and act as one entity. To estimate the shift of the minimum as a result of
adsorption of an analyte, a reference system was defined with d3 (analyte layer) equal to 0.0 nm.
The displacement of the minimum of the SPR-curve with respect to this reference situation was
evaluated.
Fig. 7 depicts the dependency of the calculated angle shift of the SPR-minimum on the
dielectric properties of the solvent (ε4 ) for analyte layers with refractive index n (n=√ε3) ranging
from 1.3 to 1.45. The thickness of the layer d3 was set to 1.0 nm, which is the approximate
cross-section of the cavitand cone. The optical constants of the adsorbing layer are not known,
but recent publications of Ehler et al. seem to indicate, that the empirically determined optical
density of thin layers depends on the actual density of the layer, rather than its chemical nature,

solvent

ε4

analyte
monolayer
metal

ε3
ε2

d3
d2

ε1

d1

glass

ε0

Fig. 6 Schematic representation of the model system used for calculation (not on scale).
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Fig. 7 Angle shift as a function of the dielectric constant (ε4) of the solvent used. Lines are plotted for
several values of n, the refractive index of the adsorbing analyte (with n=√ε3). Data used in the
calculation are given in the plot.

as more disordered layers yield lower refractive indices. For monolayers of alkanethiols,
refractive indices are estimated to range from 1.33 to 1.45 for chainlengths of 11 to 19 carbon
atoms 20, while for bulky organometallic compounds adsorbed on gold, indices have been found
in the order of 1.3 21. We therefore expect the refractive index n of the analyte layer and
monolayer to be rather low, in the range of 1.35 to 1.40. The dielectric constant of the solvent,
acetone, probably deviates from its theoretical value of 1.85 as a result of its hygroscopic nature,
and the dissolution of the analyte.
Assuming a dielectric constant of 1.8 for the solvent, the calculated shift for an adsorbed layer
of 1 nm with refractive index of 1.35 is 42 m°, and 79 m° for a layer with an index of 1.4. The
value measured for adsorption of I and II onto the monolayer of VI (Fig. 1), and after attempts
to rinse the cavitand off the surface, e.g in the case of V (see Fig. 5) falls neatly into this range,
possibly indicating that in these cases single layers adsorb onto the self-assembled monolayer.
Assuming that this is the case, the calculated results suggest that compounds III and V form a
multilayer, and that a monolayer remains affixed to the surface when washed with solvent. If
desorption of the monolayer cannot be fully accomplished, as is observed for III and IV, a
residual signal smaller than the calculated value is measured, indicating a sub-monolayer
coverage that can well be caused by adsorption to the gold at defect sites.

10.4

Conclusions

We have shown that reversible formation of an adsorbens layer based on non-covalent
interactions is possible applying a specifically modified monolayer. The process of adsorption
can be followed well using Surface Plasmon Resonance. The principle of reversible attachment
of a monolayer may be a starting point for the design of renewable multifunctional sensors, a
concept that is currently being investigated for application in immunoassays.
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The results observed for compounds featuring thiourea moieties are shown to deviate from
those for a cavitand that is substituted with urea moieties. In contrast to adsorbed ureasubstituted cavitands, thiourea samples cannot be fully desorbed. The reason for this behaviour
probably lies in the irreversible adsorption of the sulfur-containing compounds onto the gold
through defect sites in the self-assembled monolayer.
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APPENDIX

I

AN ALGORITHM FOR FRINGE- AND
BASELINE-CORRECTION

I.1

Introduction

In Fourier Transform spectroscopy, baseline errors can be a persistent problem. A spectral
offset error may be caused by changes in the intensity of the IR-source or differences in the
alignment of the beam on the detector in between the recording of background and sample
spectrum. Apart from this effect, also linear and non-linear deviations are observed. Linear
baseline-effects are usually a result of temperature changes, whereas nonlinear effects are e.g.
observed for small tilts of mirrors in the geometry of the interferometer1. Several correction
procedures have been proposed1-4.
In the ATR-spectra discussed in chapter 6, yet another non-linear effect, fringing, was present.
The cause of these undulating baselines was not fully understood5. The phenomenon can be a
result of non-reproducible sample positioning, hardware signal processing by the pre-amp, or
back-reflection of light into the interferometer. The influence of the latter effect was
investigated and was found not to be a major influence in our case. Although deformation of
the baseline was normally not a problem in the methylene stretching region, in the carbonyl
region detection of relatively broad absorption bands superposed on a fringe proved to be
difficult. Fringe-correction based on an optical approach using Fresnel's reflection laws (after
Gamsky et al.4) was not successful, possibly indicating that the cause of the fringes was not
purely related to reflection phenomena. Therefore, a fringe-correction algorithm was devised to
subtract the fringed baseline from the spectrum mathematically.
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I.2

Method

The approach focuses on obtaining a representation of the baseline, i.e. a spectrum free from
absorption bands. To achieve this, the spectrum is stripped from its high-resolution spectral
information. Data of the original, high-resolution (HR) spectrum SHR ( ν ) (with a length of the

data point array of 2m , m integer) are converted to a low-resolution (LR) spectrum SLR ( ν ) by
taking every p-th point (p=2n , n integer) from the original spectrum (step 1). Next, both HR
and LR spectra are converted to interferograms I (step 2).
IHR (x) = F[ SHR ( ν )]
ILR (x) = F[ SLR ( ν )]

(A1.1)

For Fourier transformation6, here designated by the operator F, the number of data points (2m
for interferogram IHR and 2m-n points for ILR ) is restricted to powers of two as we applied the
Fast Fourier Transform algorithm7.
Following the Fourier transformation, ILR is convoluted with a Gaussian filter function¤ 8, H
H( x) = e

−

1 2
x
4b

(A1.2)

Convolution yields a new, filtered interferogram
filtered
ILR
( x ) = { F[ SLR ( ν )] }(x) ⋅ H(x)

(A1.3)

The Fourier filter function effectively removes (Gaussian) bands having a full-width-at-halfheight w (unit: data points) or less from the real spectrum.
w = 4 ⋅ ln 2 b

(A1.4)

This process is similar to apodisation procedures. It means that the LR spectrum represented
by F[ SLR ( ν )] in Fourier space is smoothed. The constant b determines the amount of
smoothing. The LR interferogram is subsequently zero-padded to the length of the high
resolution spectrum, and scaled by multiplication of all data points with a factor (2n) to account
filtered
for the data-point resolution increase* . The scaled 'baseline interferogram' ILR
is then
¤

*
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This is the Fourier Transform of the Gaussian bandshape function in the spectral domain, h( ν ) = C ⋅ e −bν in
which ν is the spectral variable, and C is a constant.
Integrated areas of interferograms of the initial HR and LR spectra should essentially be the same (acc. to the
Parseval identity). As a result of the implementation of the Fast Fourier Transform algorithm with its discrete
handling of the integral calculation, a difference in the HR and LR interferogram lengths in our case results in
2
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subtracted from the initial IHR and the resulting interferogram Fourier-transformed back into a
corrected
fringe-corrected spectrum SHR
according to eqn. A1.5

[

corrected
filtered
= F −1 IHR − (2 n ) ⋅ ILR
SHR

]

(A1.5)

Absorbance

where the operator F-1 stands for a reverse Fourier transform.
For the spectra in chapter 6, the optimal value of (1 4b) in the filter function (A1.2) and the
level of data-omission n was determined empirically. In these cases, for spectral parts SHR with a
length of 2048 data points (m=11), n was set to 2, resulting in an ILR of 512 data points. The

0.0100
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2000
Wavenumber
0.0050

0.0010

Scorrected
HR
1800

1700
Wavenumber

SHR

subtract baseline
spectrum obtained
by filtering the
spectrum
1800

1700
Wavenumber

Fig. A1-1 An example of baseline correction. Top spectra on the left and right are the original data
(region 3600-1552 cm-1 was used for input). See text for details.

Gaussian smoothing variable b was then set to (1/80) (i.e. corresponding to a full-width-at-halfheight filtering value w of approx. 25 data points in the real spectrum, according to A1.4).
Examples are shown in Fig. A1-1. As a result of the chosen filtering value, a slight
deconvolution effect is seen.
At the time of writing this thesis, an article by Espinoza et al. appeared in literature9, in which
a similar approach is used to generate background spectra for gas cell infrared measurements. In
that case, however, the sample bands to be removed in order to obtain a 'clean' background are
different values of the calculated points. This is caused by taking the unit step of the running (data point
number) variable to be 1 unit in both HR and LR cases. Correction is done by multiplication of the LR
interferogram intensities by a scaling factor of 2 n.
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much smaller in width and nearly Gaussian in nature. The authors therefore propose a single
Gaussian Fourier filtering step to be applied only analogous to eqn. A1.3 in this appendix, with
good results.
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APPENDIX

II

ASSESSING CHAIN ORIENTATION IN MONOLAYERS

II.1

Determining the tilt angle

If both s- and p-polarised spectra are measured in an ATR-experiment, the orientation of the
transition dipole moment (TDM) vector of a vibration can be assessed1 . For an idealised
monolayer, molecules are all ordered in a uniaxially isotropic fashion with respect to the surface
normal, and polarisation of the beam is perfect. However, in practice, disordering of the layer is
often present as a result of surface roughness, and depolarisation due to scattering of the beam
on reflection may be present, especially for multiple-reflection ATR-elements.
The dichroic ratio D is defined as D=As/A p, in which As, Ap is the absorbance of the band
under consideration in the spectrum measured with s- and p-polarised light, respectively.
Determination of D allows for an estimate of the angle α between the TDM vector and the
surface normal (Fig. A2-1, next page) according to eqn. A2.1
 2DEz 
α = tan −1  2
2
 Ey − DEx 

1

2

(A2.1)

Here, E a (a=x, y, z) represents a component of the electric field present at the crystal-air
interface. The crystal surface is parallel to x and y, z is perpendicular to this plane, and incident
and reflected beams are in the xz plane. For ATR measurements with a 45° angle of incidence,
nSi=3.5 and nmonolayer=1.5, it follows that E x=1.409, Ey=1.476, and Ez=0.684 2-4.
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θtilt

H
C

α

H

z
x

Fig. A2-1 TDM for the symmetric CH2 stretching and definitions of α and θtilt. The direction of the
dipole moment is indicated by an arrow (
). The TDM for the antisymmetric vibration is
perpendicular to the plane of the paper (not shown).

From the determination of the angles α for both symmetric and antisymmetric methylene
stretching vibrations, for which the dipole moment vectors are orthogonal, it can be shown that
the tilt angle φtilt is calculated according to eq. A2.2 2
cos2 φ tilt =1 − cos2 α symmetric − cos2 α antisymmetric

(A2.2)

Although only an estimate, and accurate to a few degrees at best, the tilt angle thus calculated
is indicative for monolayer ordering.
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III

DETERMINING SPR-SHIFTS

III.1

Introduction

In principle, a Surface Plasmon Resonance (SPR) plot depicting reflectivity versus angle of
incidence can be calculated once the characteristics of an optical configuration are known. In
the case of layers deposited on a substrate, the dielectric constant ε i and thickness di must be
known for each layer i in the stack (see Fig. 6, p. 115). The dielectric constant is related to the
optical constants n (refractive index) and k (absorption coefficient) according to

ε = ( n + ik )

2

(A3.1)

For organic monolayers the absorption coefficient k can be considered to be negligible at the
wavelengths commonly used for surface plasmon excitation (in chapter 10, the wavelength λ
was 650 nm).
The reflectivity of a system, which is the ratio of the intensities of reflected and incident light,
can be easily calculated by a matrix approach (vide infra). Generation of the surface plasmon
induces the reflectivity to decrease sharply for a certain angle. The position of this 'dip' can be
evaluated once the response of a given optical system is known.
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III.2

Calculation of the reflectivity

The reflectivity of a layered optical sytem can be calculated following the matrix approach
proposed by Yeh1. The sample system consists of layers 0,1,...,N-1,N with complex refractive
indices (n+i·k)j and layer thickness dj for layer j and the light is incident in layer 0. Given these
variables, a matrix M can be defined that relates the initial amplitudes of the electric field to the
amplitudes in the final layer. This is represented in A3.2
 A0 
 AN 
  = M⋅  
 B0 
 BN 

(A3.2)

where Aj and Bj are the amplitudes of forthgoing and back-travelling light waves in layer j. The
matrix M is determined according to A3.3
 M11
M =
 M 21

M12 
 N −1

−1
−1
=
D

0 ∏ D j P j D j  D N
M 22 
 j =1


(A3.3)

with
 cos θ j
Dj = 
 nj

cos θ j 
n j 

and
 e k jz d j
Pj = 
 0

0 

e

−k jz d j

The dynamical matrix expression D −1
j D j +1 accounts for the processes of reflection and refraction
at each (j, j+1) interface. The form given here for D is only valid for p-polarised radiation.
Matrix P is called the phase matrix and accounts for the phase retardation and the losses that
occur when the wave travels a distance d through a layer, after refraction.
The component of vector k in layer j perpendicular to the plane of the layer, kjz is related to
the angle of the beam θj in layer j with respect to the normal by A3.4
k jz = n j

2π
cos θ
λ

(A3.4)

with λ the wavelength. According to Maxwell's equations, the electric field component parallel
to the stack must be continuous at the interfaces. On refraction, the perpendicular component kjz
of the wave vector k is therefore given by A3.5, as the length of vector k must be equal at both
sides of an interface.
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 2 π  2

−β2
k jz =  n j


λ



1

2

, β = n0

2π
sin θ 0
λ

(A3.5)

The term β reflects the projection of the wave vector on the first interface of layers 0 and 1 (i.e.
β equals k0x). Effectively, eqs. A3.4 and A3.5 amount to Fresnel's laws of reflection. Combining
A3.4 and A3.5, the cos θj term can be calculated for a given angle of incidence θ 0 of the
beam, and insertion of this term into A3.3 enables calculation of matrix M.
According to this mathematical model, the reflectivity R is calculated according to A3.6
B
R= 0
A0

2

=
B N =0

M 21
M11

2

(A3.6)

Plotting R as a function of θ0 yields an SPR-plot.

A3.3

Determination of the SPR-shift

An example of an SPR-plot calculated according to the algorithm outlined in the previous
section is given in Fig. A3-1, and the dip due to surface-plasmon excitation is evident. The
corresponding angle θ SPR can be determined simply by finding the minimum of the function
R(θ0) as a function of θ0, the angle of incidence of the p-polarised beam, e.g. by application of a
simple Golden Section algorithm2.

1
Reflectivity

0.8
0.6
0.4
0.2
0
63 65 67 69 71 73 75 77 79 81 83 85 87 89
Angle of incidence

Fig. A3-1. Example plot for a four-layer stack of glass, gold (50 nm), monolayer (1 nm) and solvent.
Dielectric constants: ε1 =2.283; ε2 =-13.4+1.4i; ε3 =1.96; ε4 = 1.8.

The position of the dip depends strongly on the optical contants of the layers. Adsorption of a
compound onto a gold surface will therefore inherently lead to another θ SPR angle than is
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observed for a silver substrate (see Fig. 4, page 10 for an example of the latter). When the
optical constants of the layers are known, the shift of the minimum with respect to the initial
situation (i.e. when no adsorbens is present) can be used to calculate the thickness of the
adsorbed layer. The SPR-shift is linear with the layer thickness for thin layers with d«λ 3.
For the results in chapter 10, the shift of the SPR-dip was defined as the shift of the minimum
with respect to the θSPR calculated for a layered system in which the thickness of the adsorbed
layer was set to 0 nm.
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SUMMARY
In recent years, considerable progress has been made in the areas of molecular recognition and
surface analysis. These fields meet in the field of sensor development, where the interaction
between molecules and a suitably modified surface is of utmost importance. Vibrational
spectroscopy is quite useful in these areas of research, as it may reveal the processes taking place
at a molecular level. This thesis describes a number of applications of vibrational spectroscopy in
the analysis of molecular recognition of molecules in solution, and in the characterisation of
self-assembled interfaces.
The study of molecular recognition of halide ions by specific hosts is reflected in the chapters
3, 4 and 5. In chapter 3, a new method is proposed for the determination of association
constants applying infrared spectroscopy in combination with multivariate regression. This
technique was developed to overcome the sensitivity problems arising when strongly associating
complexes are investigated by NMR or UV/vis methods. A concentration profile for the
complex is derived by correction of multivariate regression data. Subsequent iterative fitting of
the corrected data yields the association constant. The regression part is not integrated in the
process of the association constant determination itself. The separation of data treatment from
the actual fitting procedure offers the means to evaluate the quality of the data set and the order
of association before the actual calculation of the association constant. From simulated data, it is
estimated that an association constant range of 102-106 M-1 can be determined when measuring
at millimolar concentration levels.
In chapters 4 and 5 an infrared-spectroscopic study of the binding behaviour of urea and
thiourea-substituted hosts is presented. Chapter 4 renders the results of the investigation of the
complexation of chloride, bromide and iodide ion by a resorcinarene cavitand substituted on its
upper rim with four N-(o-nitrophenoxyoctyl-ether) urea groups. Association takes place solely
via hydrogen bonding by the urea moieties, and is well monitored by infrared spectroscopy.
Association constants are high, about 104 M-1, and a small preference for chloride over bromide
and iodide is observed. Upon binding of the anion, the array of weak intramolecular bonds is
disrupted and replaced by hydrogen bonds towards the halide lone pairs. No significant
reorganisation of the urea o-nitrophenoxyoctyl-ether substituents is found, which suggests a reordering of the urea groups only upon binding. Co-operation of the bonding moieties is
observed in the complexation of halide ions as a result of pre-organisation of the urea groups on
the upper rim of the resorcinarene cavitand by weak hydrogen bonding interactions.
Pre-organisation of the substituents was also observed in further investigations of the binding
behaviour of thiourea-substituted cavitands (chapter 5). The ordering of the ligating side chains
on the upper rim by intramolecular bonding enhances the capability of association by a factor 10
to 100, compared to a simple thiourea. Further analysis of the differences observed between
association by the cavitand host and this model compound reveals that an analogy exists
between complexation of a halide anion by the resorcinarene and complexation of an iodide
anion by the model thiourea. The latter suggests that within the cavitand, chloride, bromide
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and iodide are all complexed by at least two thioureido moieties, whereas the simple thiourea
binds chloride and bromide in a 1 to 1 fashion, and only iodide in a 2 to 1 fashion.
The chapters 6 to 10 specifically relate to the behaviour of molecules in monolayers and at
interfaces. In chapter 2, a concise overview of the spectroscopic methods discussed in these
chapters is given. The formation of monolayers on silicon by linking terminal alkenes to a Si-H
modified surface is studied in chapter 6 and the feasibility to perform reactions on monolayers
on silicon is evaluated. It is shown that these layers are exceptionally stable and that hydrolysis of
an ester functionality is possible. In the course of this work, a baseline-correcting algorithm was
developed (Appendix 1).
The applicability of a rather uncommon method, Surface Electromagnetic Wave (SEW)
spectroscopy, to the characterisation of monolayers on gold is discussed and checked in
chapter 7. In theory, this technique is very well suited for the analysis of a surface, as the depth
to which the interface is probed is only a few micrometers. The outcome is largely comparable
to results obtained by reflection measurements, but a considerable amount of line broadening is
observed. Considering the practical aspects, SEW spectroscopy is not recommended for routine
measurements.
The most versatile substrate for monolayer formation is gold. Chapter 8 describes the
ordering processes as observed in chiral and racemic monolayers of three phenylalanylsubstituted ω-thiol alkanoic acids on gold. Measurements were performed applying Infrared
Reflection Absorption Spectroscopy (IRRAS). For these chiral molecules, packing is influenced
by hydrogen bonding interactions between the end groups at the air-monolayer interface and
the length of the spacer chain. For a racemic monolayer, a dense, yet unregular packing is
observed. In chapter 9, not the monolayer itself is considered, but the influence of the substrate
on the ordering of adlayers. Using Near-Infrared Surface-Enhanced Raman Spectroscopy, the
orientation of selected cavitand molecules adsorbed to colloidal gold particles is estimated. The
directing influence of planar gold substrates and surfaces covered by a self-assembled monolayer
on the ordering of thick resorcinarene adlayers was investigated by Infrared ReflectionAbsorption Spectroscopy. The orientation of the resorcinarene molecules positioned at the
interface proves to be influenced by the underlying substrate, though the effect does not extend
into the adjoining bulk of the sample layer.
The final chapter deals with the dynamic process of adsorption of halide-complexing
cavitands onto a chloride-containing monolayer as it was monitored by Surface Plasmon
Resonance. It is shown that the resulting layers are stable in ethylacetate and acetone, and can
be desorbed by hydrochloric acid in ethanol (pH~1). In the case of thiourea-containing
compounds, adsorption is partially irreversible, possibly as a result of binding at defect sites in
the monolayer.
The results of the research described in this thesis demonstrate vibrational spectroscopy is a
very powerful technique in the investigation of interactions at the molecular level, both in
solution and at an interface.
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SAMENVATTING
In de afgelopen jaren is aanzienlijke vooruitgang geboekt in de onderzoeksgebieden van
molekulaire herkenning en oppervlakteanalyse. Beide onderwerpen komen samen in het
onderzoek met betrekking tot ontwikkeling van sensoren, waar de interactie tussen molekulen
en een geschikt oppervlak een zeer belangrijke rol speelt. Vibratiespectroscopie heeft duidelijke
toepassingsmogelijkheden in dit gebied, omdat het de processen, die plaatsgrijpen op molekulair
niveau, kan verhelderen. Dit proefschrift beschrijft een aantal toepassingen van
vibratiespectroscopie bij de analyse van molekulaire herkenning door molekulen in oplossing en
de karakterisering van zelf-geassembleerde grensvlakken.
In de hoofdstukken 3, 4 en 5 wordt de molekulaire herkenning van halide anionen door
gastheermolekulen behandeld. In hoofdstuk 3 wordt een nieuwe methode ter bepaling van de
associatieconstante geïntroduceerd, die gebruik maakt van een combinatie van
infraroodspectroscopie en multivariate regressie. Het onderzoeken van sterk associerende
complexen met NMR en UV/vis technieken wordt soms bemoeilijkt door problemen met de
meetgevoeligheid. De beschreven techniek biedt hiervoor een oplossing. Een
correctieprocedure toegepast op data verkregen door multivariate regressie leidt uiteindelijk tot
een concentratieprofiel voor het complex in de oplossing, waarna de associatieconstante bepaald
wordt door middel van een iteratief fit-proces. Dit laatste stuk van de analyse staat los van de
regressie-stap en daardoor kan de kwaliteit van de dataset en de orde van de associatie op
voorhand bepaald worden. Associatieconstanten in de orde 102-106 M-1 kunnen op deze
manier berekend worden (bij concentraties op millimolair niveau; schatting op grond van
gesimuleerde data).
De hoofdstukken 4 en 5 omvatten een onderzoek naar het complexeringsgedrag van
gastheermolekulen gesubstitueerd met urea- en thioureagroepen. Het eerstgenoemde hoofdstuk
geeft de resultaten weer van de complexering van chloride-, bromide- en iodide-ionen door
een resorcinareen cavitand gesubstitueerd met vier N-(o-nitrophenoxyoctyl-ether)urea groepen.
Binding vindt plaats enkel en alleen via waterstofbrugvorming door de urea's en dit kan goed
gevolgd worden met infraroodspectroscopie. De associatieconstanten zijn hoog, in de orde van
104 M-1 en er is een kleine voorkeur voor chloride boven bromide. Door binding van het
anion wordt een intern stelsel van waterstofbruggen verbroken en vervangen door bruggen naar
de electronparen van het anion. Voor de o-nitrophenoxyoctyl-ether zijgroepen wordt geen
significante her-ordening waargenomen, hetgeen suggereert dat enkel een herschikking van de
urea-groepen plaatsvindt. De pre-organisatie van de urea-functies op de rand van het cavitand
door zwakke waterstofbruggen leidt tot een samenwerken van deze groepen bij het invangen
van een halide ion.
Deze pre-organisatie van functionele groepen werd ook waargenomen bij thioureagesubstitueerde cavitanden (hoofdstuk 5). De ordening van de bindende zijgroepen bovenop
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het cavitand-skelet versterkt de mate van binding met een factor 10-100 vergeleken met een
eenvoudig thioureaderivaat. Een verdere analyse van de verschillen die optreden tussen
complexering door een cavitand en deze modelstof laat zien dat er een analogie is tussen
complexering van halide door het resorcinarene-molekuul en complexering van iodide door het
eenvoudige thioureaderivaat. Het laatste wijst erop, dat binnen het cavitand zowel chloride,
bromide als iodide anionen gebonden worden door tenminste twee thiourea-eenheden, terwijl
de modelstof chloride en bromide in een 1:1 complex, en iodide in een 2:1 complex invangt.
De hoofdstukken 6 tot en met 10 hebben ook molekulaire interactie als onderwerp, maar dan
specifiek gerelateerd aan het gedrag van molekulen in monolagen en aan grensvlakken. In
hoofdstuk 2 wordt een overzicht gegeven van de technieken die in deze hoofdstukken aan de
orde komen. De vorming van monolagen door koppeling van eindstandige alkenen aan een
gemodificeerd Si-H oppervlak wordt behandeld in hoofdstuk 6 en de mogelijkheid om reacties
aan het oppervlak te laten plaatsvinden wordt besproken. Uit de resultaten blijkt dat deze
monolagen zeer stabiel zijn en dat hydrolyse van een ester aan het oppervlak mogelijk is. Ten
behoeve van de analyse van meetresultaten werd een algorithme ter correctie van basislijnen
ontwikkeld (Appendix I).
Een betrekkelijk omslachtige manier van monolaag-karakterisering, Surface Electromagnetic
Wave (SEW) spectroscopie, werd toegepast in hoofdstuk 7 en een vergelijking werd gemaakt
met de meer gangbare reflectie-techniek. SEW is in theorie een zeer geschikte techniek, omdat
hiermee slechts een zeer dunne laag aan het oppervlak van een monster wordt gemeten.
Resultaten zijn vergelijkbaar met die verkregen door reflectiemetingen, echter, de SEWresultaten laten bredere banden zien. SEW wordt niet aanbevolen voor metingen, gezien de
praktische aspecten van de methode.
Goud is het meest veelzijdige substraat-materiaal voor de vorming van monolagen.
Hoofdstuk 8 beschrijft de ordeningsprocessen in chirale en racemische monolagen van drie
phenylalanyl-gesubstitueerde ω-thiolalkaanzuren op goud. De metingen werden uitgevoerd met
behulp van infrarood reflectie-absorptie spectroscopie. De pakking van deze chirale molekulen
wordt beinvloed door de waterstofbrugvorming tussen de eindgroepen onderling aan het
monolaag-oppervlak en door de lengte van de alkyl-staart. Een racemische monolaag laat een
dichte, maar toch onregelmatige pakking zien. In hoofdstuk 9 wordt niet de monolaag zelf
beschouwd, maar de invloed van het substraat op de daarop afgezette laag. Met behulp van
nabij-infrarood surface-enhanced Raman spectroscopie werd de oriëntatie van
cavitandmolekulen geadsorbeerd aan colloidaal goud in benadering bepaald. De sturende
invloed van vlakke goud-substraten en oppervlakken bedekt met een zelf-geassembleerde laag
op de ordening van resorcinarene multilagen werd onderzocht met infrarood reflectie-absorptie
spectroscopie. Het blijkt, dat de molekulen die in direct contact staan met het substraat
beïnvloed worden, maar dat dit effect zich niet laat gelden in de bulk van de laag.
Het laatste hoofdstuk beschrijft een onderzoek naar het dynamische proces van adsorptie van
halide complexerende cavitanden aan een chloride-bevattende monolaag. Dit onderzoek werd
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uitgevoerd met behulp van Surface Plasmon resonantie. Aangetoond wordt, dat de gevormde
lagen stabiel zijn in ethylacetaat en aceton en dat zij gedesorbeerd worden door ethanol dat is
aangezuurd met zoutzuur (pH ~1). In het geval van thiourea-bevattende stoffen werd een deels
irreversibele adsorptie waargenomen, mogelijk ten gevolge van binding aan goud via defecten
in de monolaag.
De onderzoeken beschreven in dit proefschrift laten zien dat vibratiespectroscopie een zeer
effectieve techniek is ter bestudering van interacties op molekulair niveau, zowel in oplossingen
als aan oppervlakken.
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